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© The object of the invention is a method for the electrochemical preparation of metal colloids with particle 
sizes of less than 30 nm, characterized in that one or more metals of groups lb, lib, III, IV, V, VI, Vllb, VIII, 
lanthanoides, and/or actinoides of the periodic table are cathodically reduced in the presence of a stabilizer, 
U> optionally with a supporting electrolyte being added, in organic solvents or in solvent mixtures of organic 
iO solvents and/or water within a temperature range of between -78 'C and +120'C to form metal colloidal 
'* s solutions or redispersible metal colloid powders, optionally in the presence of inert substrates and/or soluble 
^ metal salts of the respective metals. 

The invention further relates to soluble or redispersible colloids as well as application on substrates and 
immobilization thereof, in particular for the preparation of catalysts. 
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The present invention pertains to an electrochemical method of preparing soluble metal colloids and 
substrate fixed metal clusters. The invention also includes electrochemical preparation of soluble bimetallic 
colloids and substrate fixed bimetallic clusters. 

As is well-known, soluble or substrate fixed finely distributed metals, metal colloids and metal clusters 
are valuable catalysts in organic and inorganic chemistry as well as in electrochemistry (fuel cells) [G. 
Schmid, Clusters and Colloids, VCH, Weinheim 1994; J. P. Fackler, Metal- Metal Bonds and Clusters in 
Chemistry and Catalysis, Plenum Press, New York 1990; B. C. Gates, L. Guczi, H. Knozinger, Metal 
Clusters in Catalysis, Elsevier, Amsterdam, 1986; S. C. Davis, K. J. Klabunde, Chem. Rev. 82 (1982) 153]. 
This involves the reduction of metal salts by reducing agents, such as hydrogen, alcohol, formaldehyde, 
hydrazine, alkali metals, anthracene activated magnesium, or boron hydrides. The synthesis often employs 
stabilizers which prevent undesired formation of metal powders. These include ligands (e.g. phenanthroline 
derivatives), polymers (e.g. polyvinylpyrrolidone), and surface-active agents (e.g. tetraalkylammonium salts) 
[see for instance: G. Schmid, B. Morun, J.-O. Malm, Angew. Chem. 101 (1989) 772; Angew. Chem., Int. 
Ed. Engl. 28 (1989) 778; M. N. Vargaftik, V. P. Zagorodnikov, I. P. Stolarov, I. I. Moiseev, J. Mol. Catal. 53 - 
(1989) 315; J. S. Bradley, J. M. Millar, E. W. Hill, J. Am. Chem. Soc. 113 (1991) 4016; F. Porta, F. Ragaini, 
S. Cenini, G. Scari, Gazz. Chim. Ital. 122 (1992) 361; H. Bonnemann, W. Brijoux, R. Brinkmann, E. Dinjus! 
T. Joussen, B, Korall, Angew. Chem. 103 (1991) 1344; Angew. Chem., Int. Ed. Engl. 30 (1991) 1312; m! 
Boutonnet, J. Kizling, P. Stenius, G. Maire, Colloids Surf. 5 (1982) 209; M. Boutonnet, J. Kizling! R. 
Touroude, G. Maire, P. Stenius, Appl. Catal. 20 (1986) 163; N. Toshima, T. Takashashi, H. Hirai, Chem. 
Lett. 1985 1245; K. Meguro, M. Toriyuka, K. Esumi, Bull. Chem. Soc. Jpn. 61 (1988) 341; N. Toshima, T. 
Takashashi, Bull. Chem. Soc. Jpn. 65 (1992) 400; J. Blum, Y. Sasson, A. Zoran, J. Mol. Catal. 11 (1981) 
293; N. Satoh, K. Kimura, Bull. Chem. Soc. Jpn. 62 (1989) 1758]. Sometimes metal vaporization is used [G. 
Schmid, Clusters and Colloids, VCH, Weinheim 1994; J. P. Fackler, Metal- Metal Bonds and Clusters in 
Chemistry and Catalysis, Plenum Press, New York 1990; B. C. Gates, L. Guczi, H. Knozinger, Metal 
Clusters in Catalysis, Elsevier, Amsterdam, 1986; S. C. Davis, K. J. Klabunde, Chem. Rev. 82 (1982) 153]. 
Drawbacks of these methods are, inter alia, (1) the high costs of metal vaporization and of some reducing 
agents; (2) partial or undesired formation of metal powders; (3) tedious separation procedures for the 
purification of the metal clusters or colloids; (4) contamination by partial incorporation of reducing agents 
(e.g. hydrogen or boron); (5) lack or limitation of facilities for controlling the particle size. Specific and 
simple control of particle size while synthesis and isolation are simple would just be a large progress, 
however, all the more, since the catalytic properties of metal colloids and metal clusters depend on particle 
size [A. Duteil, R. Queau, B. Chaudret, R. Mazel, C. Roucau, J. S. Bradley, Chem. Mater. 5 (1993) 341]. 

Drawbacks of the above mentioned methods are, inter alia, the high costs of some reducing agents; 
tedious separation of by-products; impure products from undesired partial incorporation of reducing agents 
(e.g. hydrogen or boron); and/or lack or limitation of facilities for controlling the particle size. 

It is known that in conventional metal powder production, electrochemical processes are also used 
wherein use is made either of anodic dissolution with subsequent reduction at the cathode or of reduction at 
the cathode of metal salts employed [N. Ibl, Chem. Ing.-Techn. 36 (1964) 601]. These methods are 
inexpensive and often clean with respect of the formation of by-products (R. Walker, A. R. B. Sanford, 
Chem. Ind. 1979, 642; R. Walter, Chem. Ind. 1980, 260). This involves the use of aqueous electrolytes 
which in most cases comprise sulfuric acid. Although metals and alloys of different morphologies can be 
prepared in this way, one drawback is the concomitant formation of metal hydrides through H 2 formation at 
the cathode which is frequently observed [N. Ibl, G. Gut, M. Weber, Electrochim. Acta 18 (1973) 307]. The 
major drawback, however, is the fact that to date the preparation of soluble nanostructured colloids in the 
range of up to 30 nm has not been accomplished. Rather, deposition of metal powder in the form of large 
crystallites in the nm or urn range occurs as a rule. 

The inventors of the present application have now developed a novel electrochemical process for the 
preparation of nanostructured metal clusters or colloids in a first embodiment, according to which an anode 
consisting of a metal sheet serves as the metal source [M. T. Reetz, W. Helbig, J Am. Chem. Soc. 116 
(1994) 7401]. Surprisingly, it has now been found that electrochemical synthesis of soluble metal colloids 
can be achieved by operating in an inert organic, aprotic solvent, with surface-active colloid stabilizers being 
added as the supporting electrolyte which on one hand will prevent plating of the metal and on the other 
hand will protect or stabilize the rather small metal nuclei in the cluster stage. A metal sheet serves as the 
anode to be dissolved and a metal or glassy carbon electrode serves as the cathode (scheme 1). After 
dissolution at the anode, the released metal salts are reduced again at the cathode, with tetraalkylam- 
monium salts serving as stabilizers (scheme 1). Organic solvents are employed. 



Scheme 1 . 
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salts with r 1 = R 2 = R 3 = R* = n-butyl or n-octyl, the mixed tetraalkylammonium salts with R - R 
R3 = methyl and R* = cetyl. or chiral tetraalkylammonium salts having four different residues. Aryittjl- 
kylammonium salts may a.so be used. Suitable writer ^ 

Rr- \-\ hexafluoroDhosphate (PF S -), carboxylates R'C0 2 - R" = alkyl. aryl), or sulfonates R SO3 (H 
Scy'.. a y ) A ^T°SZ o/phosphonium salts may be used, including ^.phosphon^. sa.s. such 
as tetraphenylphosphonium bromide. Preferably, tetrabutylammon.um chlor.de, bromide or hex 
uoroSphS, teLctylammonium bromide, or tributylhexadecylphosphonium ^J^*^ 
As the metals in particular transition metals, for example Fe. Co, Ni, Pd, Pt, Ir. Rh, Cu, Ag. or Au, are usea 
fui ble stents are aprotic organic solvents, such as tetrahydrofuran (THF), to = acetonitr e (ACN). or 
mixtures thereof. The temperature in the electrolytic cell may be -n the range between -78 C and +120 C, 

TS!. "J STJSS' -tals and meta, alloys having various sizes and being stabbed 
bv auarternary Imonium or phosphonium salts can be synthesized. The size of the metal colloids -s 
dLrm'ned by vTyTg the current density which immediately affects the reduction potent* of the cathode^ 
The hTher the overvoltage, which is defined as the deviation of the reduction potential from the equ.hbrium 
poL iarthe smaller becomes the maximum size of the meta. nuclei in the electrolytic boundary layer 
These nude! are trapped which is achieved by the fact that the surface-active agents used as supporting 
Ilec rolyteV 0^ a p^ective shell around them and thus prevent further growth. Thus, the size of the metal 
coZs can be con'olled. For instance, soluble Pd colloids stabilized by tetraoctylammonium brom.de can 
be prepared with selected diameters of about 2 nm. 5 nm. or 10 nm. depending on the current dens.ty 
annhed i e 3 4 1 and 0.4 mA/cm 2 , respectively, at the same concentration of the stabilizer. 
PP TOs method has t he advantage that the R,N+X" stabilized metal colloids are fornned without notable 
bv-pIoducTs and hence are readify isolated, that controlling of the particle size by adjusting the current 
dens rand/or the overpotentia, is possible, and that immobilization of the colloids by 
sub! rates can easily be performed. Some metal sheets are more expensive than the respective metal salts 
some metal sheets, especially in the case of metals very resistent to oxidation, cannot be d.ssolved at ah 
anodic^y or only poorly so. From the redox potentials of the metals which can be founc ,n tabtes in the 
Seva Lratur "[Handbook of Chemistry and Physics, CRC Press, Boca Raton, Florida (USA). 1988L 
hi lattl behaviour can be understood. Metals such as for instance Pt or Rh can be anodically dissolved 
onV condJonally in the described medium according to scheme 1. However, disso.ut.on ,s a precondit.on 

for the above embodiment to succeed. . 

Another embodiment of an electrochemical method has now been found according to which , metal salts 
are userTand are reduced at the cathode to form stabilized clusters in the nanometer range. The .nvent.on 
Z be successful even if metal salts are used whose corresponding metal sheet .s readily d.ssolved 

aPOd Fof performing the meta. colloid synthesis of the invention according to sa ic ' furthe ^^^' m f?'; t ^ 
salts MX n are used for electrochemical reduction, where quite different ligands X are suitable. In addition to 
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halogenides (F CI, Br, I) mention may be made, in particular, of carboxylates RC0 2 - (e.g. R = CH 3 . CF 3 

Z^fc^toaR^w^TT? 1 f fr ° m fattV 3CidS (eg - R = C ' 7H35) ' 3nd ,r0m chira! 

odrooxync acias [e.g. H - CH(CH 3 )C 6 H 5 ] t of sulfonates RS0 3 _ (ea R = rH, pf„ pm p u \ * ^ c 

SSTSSL The tT et f in the salts MX - may be main «^ S^.^"iS^^?Sir?2 

' TJl t a T S> f ° r mStanCe Fe ' C0 ' Ni - Cu ' Mo ' Ru - Rh - p d. Ag. Os. Pt, or Au The above- 

ment,oned ammomum or phosphonium salts serve as stabilizers for the colloids 

The above-mentioned organic solvents, such as for instance tetrahydrofuran (THR toluene nmn«ton« 
carbonate, acetonitri.e (ACN). or mixtures thereof as weH as mixtures of THF and^Oor o ACN and To 
serve as solvents. Mixtures of THF and alcohols, such as methane, or ethanol, or of ACN fa.cohofs may' 
h TS' 6 temperature in the electrolytic cell may be within the above-mentioned ranq AsTe 

inert e,ectrode materia,s ™ ,y — - -a*™*^ 

.ninirTf ^ T C ' USterS WUh the above - me "«oned stabilizing ammonium or phosphonium salts are 
i^c IZZl h H V6ntS ' T S °' Ubility iS 3ChieVed by USi "9 ionic < cationic ' -itterionTc) o non 

(C, 2 H 2S )CH 2 CH 2 CH 2 S03 , <CH3) 2 N+(C 12 H 2S )(CH 2)>< C0 2 - (x = 1-3). or cocamidopropyl beta nes The 

s 9 bs ance ^f ^EE^'a ^ '"^h** SUCh 35 the ^^ZZlZ 

ZegaTZIuL Z° UP - m0d ' fied c V clodextrine s, polyglycosides, octanoyl-N-methylglucamide 

?ht' 1 ' 9 IUC ° Pyran ° s,de ' P 0| V<vinyl alcohol), and also polyoxyethylene alkyl ethers (BRIJ 35 ) 
The presen myenfon allows for the preparation of metal colloids according to the second embodiment 
LT US h m h eta S havin 9, different si2es " The ^ze of the meta, colloids is determined b^ va^ngThe e'en 

f s 7ZZ HTM y aff6CtS r6dUCti0n P ° tential ° f the cathode - The hi 9ner the ove voltage S 
-defined as the dev,at,on of the reduction potential from the equilibrium potential, the smaller the plrtide 

diffemnVm P trLT ti0n °' ^T^"*' ° r mu,timetalli c metal colloids, mixtures of two or more 

different metal salts are employed. Another method of preparing metal alloys in the form of stabi^d 

Pd An C Tf h USinQ 35 e,eCtr ° deS 3 readMy disS0lved -eta. anode (sheets of A. Ti 3 t Tcu 
Pd Ag. or Au) and an mert cathode (e.g. a platinum sheet) with addition of a metal salt MX n a ™ 
so vent. The overall e.ectrochemica. process consists in that the anode is ^S^J^^^ZTa 

ZSZZSLS? and that both metal sa,ts are concurrent,y reduced at the cathod - °- £52* 

e^^~~::^sz:^ ana,ytical methods are used - in particuiar ~ 

advama'geT 130 "" 716 " 15 aCC ° rdin9 * inVemi ° n n ° l ° n ' y are but also have the following 

1) simple isolation of the metal colloids. 

2) virtually no by-products. 

3) no incorporation of foreign substances, such as e.g. hydrides or boron 

J^^S^SST"' ^ bimeta " iC " multimeta " ic ^ ™ -not be prepared by known 

5) facility of simply controlling the particle size by adjustment of current density (or overpotential) 

IsZZ m? ° f bimeta " iC C °" 0idS 6ither by employin 9 tw ° di"erent meta. saSs or S using a 
d.ssolv.ng meta. anode m combination with an added metal salt 

p'enlTeto water)" " " ^ met3 ' C °"° idS * S6,eCtin9 8tabHi ~ (S ° ,Ubility ™^ f ™ 

8) preparation of halogen-free catalysts which are important for catalysis 

aqueous solufons acidified with hydrochloric or sulfuric acid such as those uZTin ^HaZ lS 

rrom the 20- to the 21- century \ Plenum Press, New York, 1992 page 39] 

For the preparation of substrate fixed metal clusters, an undoped or doped substrate or carrier (ea 
T,0 2 ) ,s covered w,th a solution in H 2 0 of a water so.uble colloid, and the water £ separaled An 
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immobilized metal Custer is thus obtained in a simple ^J^^^^^^c^ 
e ,ectrolyte may be formed and electrolysis performed* th pre ^ °f the subset 
generated are fixed in situ on the substrate .fig coa£ Further ^ (for example a 

charcoal, metal oxides (for instance S.Oa. Al 2 0 3 . MgO . _ °r n so y ^ 

polyamide, such as Kev.ar®). The substrate may ^J^^-^^ha^S. The particle size may 
performed by classical methods or by the electrochemical p ocess descnbed here.n. p 

conveniently be determined by transmission , e = S inert substrates .ike usua. 

according to the present invents can be coated in particular or .the su g ^ 

^ The conoids prepared according to the invention ^ t ^^^ ^ £Z£X 
on undoped or doped surfaces to form highly act ^J^^^^^'j^ subst rate fixed 
colloids prepared according to the invention can ^^^S^^^ cataly sts or as 
metal clusters prepared according to the mven t.on can be used as heterog y ^ 

electrocatalysts in fuel cells. Thus, palladium colloids adsorbed on so I d polymers o < g 

point arrays. cii . tratp<! nrPtW ed according to the invention are highly active 

The -"oids on uo bl ^ ^ ^ hydrogenating jns Q( 

heterogeneous catalysts. They are userui e y. y a . f benzene t0 form cyclohexene 

aromatics. An application of technical interest ,s e g. partial hydro g^^'^^ fl «d metal clusters 
with substrate fixed ruthenium colloids or bimetalhc colloids (e. g . Ru S 0 -J^*™^* jp the pd . colloid 
prepared according to the invention may also be use d *s catalys s "JJ^i^ are also 
catalyzed reaction of bromobenzene and styrene to form s t.lbene. The ^cjeneous y 
useful as electrocatalysts in fuel cells (in particular substrate fixed R ^^^^J 1 ^, use in tw0 - 
preP ared according to .he .vention K^Z^e in H 2 0. The 

, phase systems (for instance ^O/toluene) as ^ materials for ele ctronic, optical and 

soluble metal clusters may also be embedded in po ymer to p p d jc 

magnetic applications. As the embedding c 7°°" ent and polystyrene, 

polymers, such as e.g. poly(p-pheny.ene-v,nylene) ^^'^f^J^ process which is we.l- 

5 sr ^u^. — — s (e ,. 

^he soluble metal ™ ^ 

without representing a limitation whatsoever thereof. 
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ln a muiti-purpose electrolytic cel, for 20-100 m, of ^^J^^JI^ ZZTZ. 
monium bromide in THF. Two sheets of pure palladium ^^^J^^^ must be performed 
thickness 1 mm) at a distance of about 3 m ^ "^JSS * mea of a magnetic stirrer, a 
under an inert gas atmosphere (argon or nitrogen). With vigorous st rrmg oy between a the palladium 

current of 5 mA which is increased to 17 mA in the course of 20 m mutes ; is passea oex v> 
electrodes. By means of jacket cooling, the electrolytic ^^^^ B J^ £ TcTo.ysis is 



Sped and the electrolyte is pressed into a 150 ml nitrogen.ed essei. uunng . ™. -~ ^ ~ 
have dissolved anodically, corresponding to an anode ^^^^^^S^^a brown-grey 
electrons. Addition of 30 ml of oxygen-free water to the ek ;^olyte resu, ts ^^^^ supe J aXanX 
precipitate upon vigorous shaking The latter ^f' 0 ^^ yie ,d based on Pd 

is syphoned off. Drying under oil pump vacuum for 20 minutes yieias <h my v 
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?HF 0 ' V a e cl 0 ne a ZTo^Z T'? '? 7^ * ^ ™ S ^ ™»» ^solves in 

analysis: Pd: 72^0^3^ » ^HO^ ^^L^*] "* ^ E — - 
spectrum and NMR spectrum ind cate the \n£*nZ n fw '♦ n t f lemental ana, y sis «« well as the mass 
and efficiently prevents agglomerS of the 2^ Ch * 3 COmponent of tn * colloid powder 
the powder regains c«n5CSS5.2 E^SST.^ £ ^ f? " 

-J^rrtSS^^ -f ~ -^JS^. nm in 

THF/diethylether (1/1) proceed KHte ^ e ' eCtr ° lyte of THF/ P^ane (1/1) or 

THF yield the same resuSs too Electrolyses performed at -35 »C or in refluxing 



Example 2: 



.5 «*r^^ " ° f e,eCfr0,yte - ch ^ed 90 m. of 0.05 M 

electrode surface areaThickness ^mm) a a Histl f f »"* (2 X 25 cm ' 

operations must be per o med under anTnert oas ^ 3 mm ^ US6d 33 the e,ectrodes - AH 
current of 5 mA which isS^tX ^ l9,e (ar9 ° n ° r nitr ° 9en) - Under ultrasonic «*°". a 
electrodes. By means V^St^ Z^Z^ n ™ ^ between the P allad «- 

0 electrolysis, the electrolyte tu n Se P -b,ack After So" C hf 'i maintamed at 16 ' C " the ""Be of the 
the electrolyte is pressed under proteose n^l to a %o Z nT ^ e,eCtr0 ' ySiS iS St ° Pped and 
mg of Pd have dissolved anodicaSTS^nri n n tl ni,ro 9e n ized vessel. During this period, 155 
palladium of 2 electrons AddH of 20 m nf 9 f * 3 CUrr6nt effiCiency of 93% with an uptake by 
a brown-grey precipitate t^^sl!^""^ * the eleCtr °' yte results in the <°™«°n <J 

1 clear supernatant is sy P honed o" Afte^ £Zt£ f " to S6t f ° r 24 h ° Urs whereu P° n the 
based on Pd disso.ved) of g r" • pSer s obta" edTh ** 2 ° minUtSS ' 207 m9 ( " % * ield 

~T; an ? insoiubie in wat - x;r ,y disso,ves in thf ' acetone - 

353^^^^ C: 1134%; H: 158%; " 257% - "1%. Mass spectrum: m, - 

' diam^Z^^ 3 narf0W ^ diStribUti ° n " C °" 0idS *** « a » * ^ nm in 

Example 3: 

tetra^arS^ « barged 90 m, of 0.05 M 

electrode surface area, thickness 1 mm/a 1 HiJZ f V pure pal,adium < 2 * 2.5 cm* geometric 
operations must be performed under anTner oas atmofnH T 3 ^ 35 the electrodes " A " 

current of 3 mA which is increased to 5 m " £ h Z of 2oT °I nitr ° 9en) - 3Cti0n ' a 

electrodes. By means of jacket cooling 7he 2JS«JS^ if ™ ? PaSS6d betW6en the palladium 
electrolysis, the electrolyte turns deepSaS Af w SS r h k mamta,ned at 16 ° C - the course of the 
the electro.vte is pressed under protec ive Q a ttf a fJT! PaSSSd ' th6 electro| y sis is topped and 
mg of Pd have dissolved anodicaX c^nn^ "'trogen, 2 ed vessel. During this period, 145 

palladium of 2 electrons Mdion 20 m nfT 9 f ° 8 CUrr6nt ef?C,ency of 88% with an "P»ake by 
a brown-grey precipitate Z^XZ £ 1X7^ ? -su.ts in the formation of 

Mass spectrum: m/ 2 = 353 (trioctylamine), 41 (ACN) 
Example 4: 

..Jc,',^ »■ - « charged 90 ml „, „.o 5 M 
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15 



, ^ . <. ■ icqH ac th^ plpctrodes Under ultrasonic action, a 

area, thickness 1 mm) at a distance of about 3 mm are used as the toe t odes. 

current of 1 mA which is increased to 2 mA in the course of 20 minutes is passeo o w 

DMF. and is insoluble in water, diethyl ether, acetonitrile, and pentane. 
Elemental analysis: Pd: 74% 

the supporting electrolyte. 



Example 5: 



20 



25 



30 



35 



Wraoctylamn.on.um bromide ,n ACN All W'""" 8 ™ st ~ ' de surlaee ar8a , 

,„ 9 on or rtwoen). Two =n«s of pur ' P** m < 2 ulwtortc aolio „, , curront of 5 mA 

allowed to stand for 24 hours during which a grey-brown to b lack ^prec.pi ate is setting, ■ * 

JM^^W'SS ^^.ST-SS !n THF, acetone, 
"luene DMR and !s insol y b.e in water, diethyl ether, acetonitrile, and pentane. E.ementa. analysis: Pd. 

74%. ^ 
Mfl „ enpctrum- m/z = 353 (trioctylamine), 41 (ACN) 

TransSon electron micrographs show a narrow size distribution of colloids which are all * 6 nm ,n 
diameter (maxima between 4-6 nm) and have spherical geometries. 



Example 6: 



40 



45 



50 



m * multi-ouroose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0.0125 M 
In a mult, purpose eieCTroiyi^ ODerations must be performed under an inert gas atmosphere. 

a mA 7n th Tcourse 0 , 20 minutes is passed between the palladium electrodes. By means of jacket coobng. 
9 mA in the course ot f , f h e | ectro i ysis , the electrolyte turns deep-black. 

Mef ^C^ve '^p^ L 61^.^^ and the 'electrolyte is pressed into a 150 ml 
After 160 C ™° ' iod 75 ' of Pd have dissolved anodically, corresponding to a current 

r ifnerof ^^J£tt£*£ of 2 electrons. Addition of 20 - <^2^-liS 
e ec roMe results in the formation of a brown-grey precipitate upon v.gorous shaking The latter is aMowed 
fo^Ho?24Tours whereupon the clear supernatant is syphoned off. After drying under oil pump vacuum 
, ™ m nuts ?02 1 (99% yield based on Pd dissolved) of a grey-black powder is obtained. This powder 
c^a^n ™f?^. toluene, DMF, and is inso.ub.e in water, diethyl ether, acetonitrile, and 



pentane. 

55 Elemental analysis: Pd: 74% 



T^rS^i^S^^ «Y broad «- - «— -* « * - «- * 



2-50 nm. 
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monl Z^r^ZT^ZZ 2 r°° ^ °' eleCtr ° lyte ^ Char96d 90 ml 0f 01 " tetraocty.a m - 
(argon or nitrogen). Cs eats fJ^^S^^T 1 ^ ^ " ^ ^ atm ° Sphere 

1 mm) at a distance of about 3 mm are used aTthf Jr* f ^T*" 0 e ' eCtr ° de SUrfaCe area " thickness 
which is increased to 1 7 mA in Z course of 20 m U " der U ' traS ° niC aCti0n > a current of 5 m ^ 

means of jacket cooling, £ ^S^J^^X^^i TiTeT ^ * 
electrolyte turns deeo-black After Ran r h a .«, V 6 course of the electrolysis, the 

corresponding to a current efficient of aw - ? , u 9 d have d,ssolv ed anodically, 

of diethyl ether to the 52^2,2 fn the^ nf " ? Pa " adiUm °' 2 e ' eCtr ° ns - Addi,ion of 3 ° 
The latter is allowed to set o 24 ffou wUloon t p ' br0wn - 9rey preci P itat * "Pon vigorous shaking, 
then washed successively with 5 ml of dtthv, ether an, ^ ?7 matant is syphoned «*"■ ™e precipitate ?. 
hours yields 346 mg (93% yieW base o pfdLnlpH> f P6ntane - Dry ' n9 Undef hiQh VaCuum f °' 4 
dissolves in THF, acetone toluene DMF and i^nt? k * 8 9rey - black P° wd ^ This powder readily 
Elemental analysis- Pd 76% ^ Wat9r ' diethy ' ether ' ^etonitri.e, and pentane. 

«^^:^Z^S£l£r 3 ^ SiZe diStribUti ° n " « - < « nm in 

Example 8: 

tetraLy^^ ml o^lectrdyte are charged 90 m, of 0.03 M 

(argon or nitrogen). Tthis solution 3 o T 3 Tl^ 5° T™" ^ ™ ,nert 933 atmos P here 
suspended. Two sheets of pure pS.adiuJ (2 x 2 5 '^^^^Jpropanesultanate (9 mmo.) are 

at a distance of about 3 nJ Tare used fas th f pIp^h ^ SUrfaCe area ' thickness 1 mm > 

increased to 13 mA in the course of ? n m fn f' eCtr ° deS - Under ultras °™ action, a current of 5 mA which is 

jacket cooling. JC^ "^^ T^iT By means of 

black. After 400 C have been oasLd Ti l , , " 9 th ' S per,od - the e| ectrolyte turns deep- 

mi nitrogenized vessel Z2^^^^ 8 " t ^? d the e,ectrolyte is P— d -to a 150 
current efficiency of 92% with an uctZ hv nlT To 76 d,SS °' Ved anodica "V- corresponding to a 

forms. The sligh'tly re^2eTZZ^T^ of, ■ 'SeT'T!- * 3 Pre * ptete 

washed twice with 10 ml of THF (thermosSted at 30- o n P;° tectlve Qas and the precipitate is 

yields 304 mg (88% yield based on Pd d* o ed o a gl ^ ZZr^T" *" *° ^ 

water and ethanol, and is insoluble in diethy, ether, aclS THF^DMF a d penTane' " diSS °' VeS 

Elemental analysis: Pd* 50% pentane. 

SETS ^S~r a na, ' 0,, si2e dis,rtbu,ion - co,tolas « - « >• - «. 



Example 9: 



45 



50 



55 



tetradod^cylam mon^um bromide In THF A^oDerat ° f «* barged 90 m, of 0, M 

(argon or nitrogen). T W ste JpliS ? P6rf ° rmed ^ 3 " inert 935 atmos P^^ 
1 mm) at a distance of about Z "are used ^ * I T f ^f' 0 e ' eCtr ° de SUrfaCe area ' thickness 
magnetic stirrer, a current of 5 mA wh! h s increa S T^T T Vi9 ° r ° US Stirr ' n9 by mea " S 0f a 
between the pa.ladium electrodes. By mean^ ^ o iaS coin th p ^ ?° UrS8 ° f 2 ° minut6S iS passed 
the course of the electrons, the^.ectro.yte tu m .^,^ e ^ , ^ , '! ma, 'T ned * 28 ' & 
electrolysis is stopped and the electrolyte is pressed into a 1 so mi , ^ PaSS8d ' the 

275 mg of Pd have dissolved anodically corresponding ^ V* r ^°^ze6 vessel. During this period, 
palladium of 2 electrons. Addition of 10 TlV °' 83% W ' th 30 uptake by 

a brown-grey precipitate upon vigorous shaLn^ Th P !L th « e'ectrolyte results in the formation of 

clear supernatant is syphoned off Ze, ^drytni under oifn " 1° ** ^ * ^ Whereupon the 

based on Pd dissolved) of a grey ^ci ^ Zder is ,?!' T t^™ 2 ° minUt6S ' 375 m 9 < 99% yield 
toluene, and is insoluble', waJr, ZeCeZ'Z^^ ^ ^ THF a " d 

521 ~,a a :ilt : 7258%: C: 987%; ^ 2 ° 2%; N: 075%: " spectrum: m/z = 
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Transmission electron micrographs show a narrow size distribution ot colloids which are a.. < 4 nm in 

diameter and have spherical geometries. 



Example 10: 



70 



75 



20 



In a multi-purpose e.ectro.ytic eel, for ,,00 . ot ^^T^ 
monium bromide in THF. A., 'P"™^ 

nitrogen). Two sheets of pure P^MJ ^Jgorous stirring by means of a magnetic stirrer, 

a distance of about 3 mm are used as theelectr odes w« g ^ between ^ 

a current of 5 mA which .s increased to 12 mA in he ' maintained at 28 'C. In the course 

palladium electrodes. By means of jacket cool.ng the elec rolyjc ceH * mom electrolysis is 

of the electrolysis, the electro.yte t-ns deep-b.ad -^r6^Ch«j *»n P ^ mg Qf pd 

stopped and the electro.yte ,s pressed '* » ^ •^ flf 93 o /o witn an uptake by palladium of 2 

have dissolved anodically. corresponding to a current e I aency o q{ g br rey 

ISST- f g^la^ * - * — ^ 

water, diethyl ether, ™F -cetonKrfle and pentane ^ m/z = 242 

Elemental analysis: Pd: 86.46%, C. 8.98 /», M. i.wja. w. w , ; distribu- 
rtetrabutvlammonium); 185 (tributylamine). Transm.ss.on electron micrographs show 



25 Example 11: 



30 



35 



40 



,„ a muiti-purpose electrolytic cel, for 20-100 
monium bromide in THF. In this solut.on, 2.8 g of *°~ u ^' y ^ ospnere ( argo n or nitrogen). Two 
suspended. A.I operations must be performed under an J^**^ 1 9 mm) at . dis tance of 

sheets of pure palladium (2 x 2.5 cm* ^^\ e]e ^^^ c ^ZTmA^ is increased to 15 
about 3 mm are used as the electrodes. ^^^^^S^. By means of jacket cooling, 
mA in the course of 20 minutes is passed be ween ^ e ^.ur^eteojxl ^y ^ 
the electrolytic cell is ma.ntained at 16 C. In the course , oi xne e * d , nt0 a 150 m | 

After 320 C have f-n passed, the elec^ 

nitrogenized vessel. Dunng th. P« n ^ ^5 mg of MJ»ve pr0C essing includes addition of 40 ml 

coS in" e .an 9 . o. 2 nn, »hich aro adsorbed on th. activo charcoal. 



Example 12: 



45 



50 



55 



,n a multi-purpose electrolytic cel. for 20-100 m, «*^™^^^Z?^Z 
monium bromide in THF. Since the metal colloid is very se™*ve ^^ ^ ^med under an inert gas 
taken that the so.vents are free of water and oxygen .A I operations must b p ^ 
atmosphere (argon or nitrogen). Two sheets of pur nickel (2 x « cm geo g 
thickness 1 mm) at a distance of about 3 mm are ^^^^^Z^ the Ni electrodes. By 
of 5 mA which is increased to 15 mA in the course o 20 » ^ of the elec t rol ysis. the 

means of jacket cooling the e^tro.ytic - js mairUa.ned a ^ and the electr0 ,yte 
electrolyte turns deep-black. After 320 C have been P as f ea - » . h diss0 | ved anodically, 

is pressed into a 150 m. nitrogenized vessel. Dunng th.s ^."e^s. Evaporation of the 
corresponding to a current efficiency of 96 % w,t an ^^^^ of > ether/ethano. 
solvent under oil pump vacuum y.elds 5gofa black ™cous Jhe |atter is allowed 

mixture (9/1) results in the formation of a ^^^^^^Ji is performed with 10 ml of 
,o set for 24 hours, whereupon the clear supernatant '« ^ 9 (8 P 0 „ /o yield based on Ni 
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SS e ' IS inS ° IUb,e in diethy ' ether ' and pentane. The cC.oid is very 

Elemental analysis: Ni: 40 05% 



Example 13: 



70 



75 



20 



25 



monlum ^^t^^Z ? ° f e,eCtr0,yte " 90 ml - «-1 - tetraoctylam- 

taken that the solvents ar f ee T^faT^ZnZ ^ T * * ""*"""• Spedal care is * 
atmosphere (argon or nitrogen) Sheets of pure coba TTT T *~ Under a " *»* gas 

thickness 1 mm) at a distance of about I « ^ used fl ( L £ V"? e,eCtr0de Surface area - 

of 5 mA which is increased to 15 mA in the cours 2 I f " ^ U ' traSOnic action ' a curre "» 

means of jacket cooiing, the electro.y ,c eel ^ maintained a^ 16 "cT^ betWSen ^ C ° ^^s^ By 
electrolyte turns deep-black. After 320 C have been oa sed tUl>f t . C ° UrS<3 ° f ,he e]ec ^^ the 
is pressed into a 150 ml nitrogenized vessel Durino ti<f^' the /J o ctr0| y s,s ,s s t°PPed and the electrolyte 
corresponding to a current efficient oTSl wim I Z ?T' 9 m9 ° f C ° h3V6 diSS0,ved anodica »y. 
solvent under oil pump vacuum ySds 5 a of aTta£ T * ^ * 2 e ' eCtr ° nS - Eva P°^ of the 
mixture (9/!) results in the forma, nn . I k, ™ maSS ' Addition ° f 3° ml of an ether/ethanol 

to set for 24 hours, whereupon the dear sm^J'^T T" Vi9 ° r ° US Shaking - The latter * a »°wed 
pentane. and after drying und J oS pum Tc uum 7oX ^ Perf ° rmed With 10 ml ° f 

dissolved) of a grey-black powder is obteTned whT-c 20 „ rn,nutes - 178 m 9 (80% yield based on Co 
dissolves in THF, Lane 'andt ^ ^^^^ ™ ^ ^ 

sensmve to air and moisture. Elemental analysis- Co 39 23°/ aCet ° mtr " e ' and pen,ane - The colloid is very 

diam^rTn^ a ™™ - coHoids which are a„ < 3 nm in 



Example 14: 



30 



35 



40 



45 



mon'ium ZI^hT^ "** *" ^ ° f a '° 90 m, of 0, M tetraoc.ylam- 

are ^ftT^^ — to be taken that the solvents 

nitrogen,. Sheets of electrolytic copper (2x2 sT^nf T^ ^ an inert 933 atm °sphere (argon or 
distance of about 3 mm are u^Z J^!TT Z area ' th ' CkneSS 1 ™> * a 

increased to 15 mA in the course o X^^'J^S^J 000 "' * CU " ent of 5 mA is 
jacket cooling, the electrolytic cell is mainlined a 16-c m th C ° PP6r e,ectrodes - B V ™ans of 

turns deep-cherry to black. After 640 C have been Passed L^iST* ^ e,ectrol * sis ' «» ^tro.yte 
pressed into a 150 ml nitrogenized vessel SZ^^^''*^ T ** » 8 
corresponding to a current efficiency of 96% with an u ^ 9 have dlsso,ve d anodically, 

solvent under oil pump vacuum y! e | ds 2 of a black vT " ^-T ° f 1 eleCtron ' Eva P°ration of the 
moisture. The colloid thus obtained i > rS&£££ ,n thI ^ C °"° id iS ^ Sensitive t0 air a "« 

Erem C er" in ! ^ ^ " ^ di,Uted ' 3 

Elemental analysis of the colloid: 6.4% of Cu abaction. 

Elemental analysis of the powder: 98% of Cu 



50 Example 15: 



55 



A 

^z^^^^ s fp: o aSo:; o : ei rr yte f are char9ed 90 mi ° f 01 m 

(argon or nitrogen). Two sheets of Sne g^ d (2 ^2 5 C m" nl FT* ™ ™« 935 at ^^Pnere 

at a distance of about 3 mm are used as he elec" des EST? SUr,aC6 area ' thickness 1 ™> 

increased to 15 mA in the course of 20 mKte^S^L 2? "■"T" 0 T * '""^ ° f 5 mA which is 
cooling, the electrolytic call is maintained Z % < C : l L T e,ectrodes - ^ means of jacket 

deep-cherry ,0 black. After 640 C have been passed L T? ? the . e,ec,ro, y sis - the electrolyte turns 

oeen passed, the electrolys.s .s stopped and the electrolyte is 
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10 



75 



20 



25 



30 



pressed into a 150 ml nitrogenized vessel. During this period, 1300 mg of Au have dissolved anoma ly 
corresponding to a current efficiency of 96% with an uptake by gold of 1 electron. Evaporator, of the 
so S unde? oil pump vacuum leaves 6.2 g of a black viscous mass. The colloid .s sensit.ve to a r and 
mature The coLd thus obtained is redispersib.e in THF. When the solution ,. too much d,.uted, a 
nanocrystalline Au powder precipitates which is amorphous by X-ray diffraction. 
Elemental analysis of the colloid: 20% of Au 

Elemental analysis of the powder: 97% of Au „ ^ „ m ,„ 

Transmission electron micrographs show a narrow size distribution of colloids wh.ch are a.. < 12 nm m 

diameter and have spherical or angular geometries. 
Example 16: 

In a multi-purpose electrolytic cel. for 20-100 ml of electrolyte are charged 90 ml of 0.1 M tet raoctylam- 
morrium bromide in THF/ACN (4/1). Since the metal colloid is very sensitive to air and moisture special 
"are is to be" ke n that the solvents are free of water and oxygen. All operations must be Perto.rrn8dund^ 
an tnert gas atmosphere (argon or nitrogen). Two sheets of pure nickel (2 x 2.5 cm* geometnc etectrode 
sur face area Sees 1 mm) at a distance of about 3 mm are used as the electrodes. Under ultrasonic 
1 a c^enl of 5 mA which is increased to 15 mA in the course of 20 minutes is .passed the 
nickel electrodes By means of jacket cooling, the electrolytic cell is maintained at 16 C. In the course of 
^e elecSsS "the electrolyte turns deep-b.ack. After 320 C have been passed, the electrolyse » stopped 
and h ^ eec ro.yte „ pres sed into a 150 ml nitrogenized vessel. During this period, 89 mg of N. have 
d sso ved ^anodicany, corresponding to a current efficiency of 96% with an uptake by ^^J^T^ 
Evaporation of the solvent under oil pump vacuum yields 5 g of a black viscous mass Addition oT 30 ml * 
lTeZZL\ mixture (9/1) results in the formation of a grey-black precipitate upon vigorous shaking. The 
^ tl! to set for 24 hours, whereupon the clear supernatant is syphoned oft Washing is performed 
with 10 ml of pentane. and after drying under oil pump vacuum for 20 minutes, 178 mg (80/o yield Iba sed 
on Ni dissolved) of a grey-black powder is obtained. This powder readily dissolves m THF and toluene, and 
is insoSe in diethyl ether, acetonitri.e, and pentane. The colloid is very sensitive to a,r and masture. 
Elemental analysis- Ni: 36.46%; C: 28.29%; H: 4.01%; N: 13.22%; Br: 2.72%. 

T^a^lS etectron micrographs show a narrow size distribution of colloids which are all S 6 nm in 

diameter and have spherical geometries. 
Example 17: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 60 ml of 0.2 M tetrabutyli am- 
monium bromide in ACN. All operations must be performed under an inert gas atmosphere (argon or 
Togen). Two sheets of pure platinum (2 x 2.5 cm* geometric eiectrode surface area, t ,c ^ « J 
distance of about 3 mm are used as the electrodes. Under ultrasonic action, a current of 30 mA which is 
fnc eased to 100 mA in the course of 20 minutes is passed between the platinum electrodes. By means of 
, ackercoo ing the electrolytic cel. is maintained at 30 -C. In the course of the electrolysis, the electrolyte 
turns deep-Sack After 3200 C have been passed, the electrolysis is stopped and the electrolyte .s pressed 
1 a 150 m nLgenized vessel. During this period, 330 mg of Pt have dissolved anod.caHy, correspond- 
no ,o a current efficiency of 10% with an uptake by platinum of 2 electrons. Add.t.on of 30 ml of oxygen- 
ree water re" t in the formation of a grey-black precipitate upon vigorous shaking. The latter ,. allowed to 
5 se ^r 24 hours, whereupon the clear supernatant is syphoned off. Drying under oil pump vacuum , y.eMs 
410 mg of a grey-black powder which is amorphous by X-ray diffraction. It very readily dissolves in ACN 
and DMF, and is insoluble in THF, diethyl ether, pentane, water, and toluene. 

TrSrSo^ic^raphs *o„ a n„ro» *. d iS ,«b u ,,on o, P, In . - ge o, * . nm. 



50 



Example 18: 



55 



in a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 60 ml of 0.2 M tetrabutylam- 
monium chloride in ACN. All operations must be performed under an inert gas atmosphere (argon or 
Zgen) tZ sheets of pure rhodium (2 x 2.5 cm* geometric electrode surface area, t ic ness M l mm ■ « . 
distance of about 3 mm are used as the electrodes. Under ultrasonic action, a current of 20 mA which is 
increased o 7 5 mA in , he course of 20 minutes is passed between the rhodium electrodes. By means of 
ac et coo ng, the electrolytic cell is maintained at 30 -C. In the course of the electrolysis, the electrolyte 
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nto a l50 P m n ^ T C b6en PaSSed " lhe is stopped and the electrolyte is pressed 

° t I 5 ? m ' nitr °9enized vessel. During this period, 207 mg of Rh have dissolved anodically correspond 
mg to a current efficiency of 25% with an uptake by rhodium of 1 electron. Addition of 30 ml of o^Qen-free 

,o?24 ho ' n h the f ° rma "° n ° f 3 9r8y " blaCk pr6Cipitate u P° n vi 9°™ s ^^ing. The latteM a Zed to set 
■ for 24 hours, whereupon the clear supernatant is syphoned off. Drying under oil pump vacuum S s 2900 

mg of a grey-black powder which is amorphous by X-ray diffraction. It very reaS ™aSTiH£l and 

DMF, and ,s insoluble in THF, diethyl ether, pentane. water, and toluene aisso.ves .n ACN and 

Elemental analysis: 70% of Rh 
^ Transmission electron micrographs show a narrow size distribution of Rh colloids in a size range of S 2 nm. 

Example 19: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 60 ml of 0 2 M tetrabutvlam- 
momum hexafluorophosphate in DME. All operations must be performed under an inert iSioSnTe 

mmTat" SS^f^Tf * ^ ^ * * " 9e ° meWC 6leCtr0de " • ™ e 7 

whTch s incSa Sed VwoVaT^T^ 1 Sf e ' eCtr ° deS - Under U ' traS ° niC action ' a «™« ° f 30 mA 

r a to P m'^ o A,,er 8 °H° C h T ^ PaSSed ' ^ ^t2K 
P ress ea into a 150 ml nitrogenized vesse . Durina this oeriori P07 mn nf Rh h*„~ ^* . . 

corresponding to a current efficiency of 25% with an upLT^um'of 1 e e tTon Addi L 0T30 mToi 

aZr d ;r tt t? in the formation of a grey - biack preci P ita,e ^ vi^^ 0 "-^^ 2 

v cuum lieS 258 L 71 ^TT ^ SUPematant * ^Phoned'off. Drying under oi pump 
dissolves I Tach L 1 9rey-black powder which is amorphous by X-ray diffraction. It very readily 

S^JSXtSTSS? ,s ,nso,ub,e in THF - diethyl ether ' pentane - water - and toluene - 

Transmission electron micrographs show a narrow size distribution of Rh colloids in a size range of s 2 nm. 

Example 20: 

m !^ mu| tiWose electrolytic cell for 20-100 ml of electrolyte are charged 60 ml of 0 2 M tetrabutvlam- 
mon.um hexafluorophosphate in DME. All operations must be performed under an Lrt qas atnolobZ 

mmT at °: ]Z ^ °' ^ P ' atinUm < 2 X 25 Cm * 9 eomet ' ic *«*ode surface a'rea 

mm) at a d.stance of about 3 mm are used as the electrodes. Under ultrasonic action a current of Tn V* 
wh,ch ,s increased to 100 mA in the course of 20 minutes is passed between th *Mnur^^2 bC 
means of jacket cooling, the electrolytic cell is maintained at 30'C In the course T^J^Z? 
electrolyte turns deep-black. After 100 C have been passed, the elecJoiy is s topped an the eEol to* 
is pressed mto a 150 ml nitrogenized vessel. During this period, 330 mg of Pt have dissolve » 

E^tiu^I^-r ,s " so ' uble in THF - di8,hy ' e "*»- pen,an8 - » d «*»■»• 

Transmission .leclron micrographs show a harrow si 2 e dislribulion of Pt oolloids in a si» range of s 2 nm. 

Example 21: 

Aftor ion <-< u ■ ^' m ™ course of the electrolysis, the e ectro yte turns deeo-hlark 

After 320 C have been passed, the electrolysis is stopped and the electrolyte is pressed into a 150 ml 
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vacuum yields 5 g of a black viscous mass. Addition of 30 ml of an ether/ethanol mixture (9/1) results in the 
formation of a grey-black precipitate upon vigorous shaking. The latter is allowed to set for 24 hours, 
whereupon the clear supernatant is syphoned off. Washing is performed with 10 ml of pentane, and after 
drying under oil pump vacuum for 20 minutes, 178 mg (80% yield based on Ni dissolved) of a grey-black 
powder is obtained- This powder readily dissolves in THF and toluene, and is insoluble in diethyl ether, 
acetonitrile, and pentane. The colloid is very sensitive to air and moisture. 
Elemental analysis: 60% of Ni 

Transmission electron micrographs show a broader size distribution of colloids which are all < 30 nm in 
diameter and have spherical or polyhedral geometries. The colloid particles are significantly larger than 
those in example 16 where a lower current density has been employed (cf. examples 2 through 4: Pd). 

Example 22: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0.1 M tetraoctylam- 
monium bromide in THF. All operations must be performed under an inert gas atmosphere (argon or 
nitrogen). Two sheets of fine silver (2 x 2.5 cm 2 geometric electrode surface area, thickness 1 mm) at a 
distance of about 3 mm are used as the electrodes. Under ultrasonic action, a current of 5 mA which is 
increased to 15 mA in the course of 20 minutes is passed between the silver electrodes. By means of 
jacket Cooling, the electrolytic cell is maintained at 16° C. In the course of the electrolysis, the electrolyte 
turns deep-cherry to black. After 640 C have been passed, the electrolysis is stopped and the electrolyte is 
pressed into a 150 ml nitrogenized vessel. During this period, 712 mg of Ag have dissolved anodically, 
corresponding to a current efficiency of 96% with an uptake by silver of 1 electron. Evaporation of the 
solvent under oil pump vacuum leaves 700 mg of a black viscous mass. The colloid is sensitive to air and 
moisture. The nanocrystalline powder thus obtained is not redispersible in THF. 
Elemental analysis of the powder: 93% of Ag 

Transmission electron micrographs show a narrow size distribution of agglomerated particles which are all < 
12 nm in diameter and have spherical or hexagonal geometries. 

Example 23: 

Experimental protocol for the preparation of a Pd/Ni bimetallic colloid 

in a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 80 ml of 0.1 M tetraoctylam- 
monium bromide in THF. A sheet of pure platinum (5x5 cm 2 geometric electrode surface area) is used as 
the cathode. An electrode of pure nickel and an electrode of pure palladium (2.5 x 5 cm 2 geometric 
electrode surface area) which are placed side by side at a distance of 4 mm to the cathode are both used 
as anodes. All operations must be performed under an inert gas atmosphere (argon); all solvents must be 
thoroughly dried and freshly destilled. At a temperature of 30 *C and under ultrasonic action, a current of 30 
mA is passed between nickel and platinum as well as between palladium and platinum by means of a 
double power supply unit, so both currents can be controlled independently. In the course of the 
electrolysis, the solution turns deep-brown to black. After a total of 1 Ah has been passed, the electrolysis is 
stopped. During this period, 350 mg of nickel (= 65% current efficiency) and 600 mg of palladium (- 61% 
current efficiency) have dissolved. The solvent is evaporated and the tacky residue is dried under a good oil 
pump vacuum. The black residue thus obtained is washed first with 50 ml of pentane and thereafter 5 times 
with 40 ml of an ethanol/pentane mixture (1.5/10). After drying under oil pump vacuum, 1.1 g of a grey- 
black powder is obtained. This powder very readily dissolves in THF and acetone, is less soluble in toluene 
and ethanol, and insoluble in ether, pentane, acetonitrile, and water. 
The THF colloid solutions thus obtained are stable for months. 

Transmission electron micrographs show well-separated, spherically shaped colloids in a size range of 
from 0.5 to 4 nm. Energy-dispersive X-ray spot analyses (EDX) reveal that almost all of the colloid particles 
contain both metals. Investigations by elemental analysis indicate a Pd/Ni ratio of 42/18. 

Example 24: 

Experimental protocol for the preparation of a Pd/Ni bimetallic colloid 

In a multi-purpose electrolytic cell for 20-100 mi of electrolyte are charged 80 ml of 0.1 M tetraoctylam- 
monium bromide in THF. A sheet of pure platinum (5x5 cm 2 geometric electrode surface area) is used as 



13 



EP 0 672 765 A1 



the cathode. An electrode of pure nickel and an electrode of pure palladium (2.5 x 5 cm 2 geometric 
electrode surface area) which are placed side by side at a distance of 4 mm to the cathode are both used 
as anodes. All operations must be performed under an inert gas atmosphere (argon); all solvents must be 
thoroughly dried and freshly destilled. At a temperature of 30 • C and under ultrasonic action a current of 30 
mA is passed between nickel and platinum and a current of 5 mA is passed between palladium and 
platinum by means of a double power supply unit, so both currents can be controlled independently In the 
course of the electrolysis, the solution turns deep-brown to black. After a total of 1 Ah has been passed the 
electrolysis rs stopped. During this period, 670 mg of nickel ( = 80% current efficiency) and 290 mg of 
palladium (= 90% current efficiency) have dissolved. The same product is observed if an anode made of 
an alloy with a Pd/Ni ratio of 5/25 is employed. The solvent is evaporated and the tacky residue is dried 
under a good o.l pump vacuum. The black residue thus obtained is washed first with 50 ml of pentane and 
thereafter 5 tames with 40 ml of an ethanol/pentane mixture (1.5/10). After drying under oil pump vacuum 
1.1 g of a grey-black powder is obtained. This powder very readily dissolves in THF and acetone is less 
soluble in toluene and ethanol, and insoluble in ether, pentane, acetonitrile, and water The THF colloid 
solutions thus obtained are stable for months. Transmission electron micrographs show well-separated 
spherically shaped colloids in a size range of from 0.5 to 4 nm. EDX spot analyses reveal that almost all of 
the colloid particles contain both metals. Investigations by elemental analysis indicate a Pd/Ni ratio of 5/25 
When this is compared to the results of example 23, it can be seen that the colloid composition can be 
controlled through the relative currents passing through the two metal anodes. 

Example 25: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0 1 M tetraoctylam- 
monium brom.de in toluene. Two sheets of pure palladium (2 x 2.5 cm 2 geometric electrode surface area 
thickness 1 mm) at a distance of about 3 mm are used as the electrodes. All operations must be performed 
under an inert gas atmosphere (argon or nitrogen). With vigorous stirring by means of a magnetic stirrer or 
with the use of ultrasonic waves, a current of 5 mA which is increased to 17 mA in the course of 10 min is 
passed between the palladium electrodes. By means of a jacket heating, the electrolytic cell is maintained 
at 60-130 'C. In the course of the electrolysis, the electrolyte turns deep-black. After a charge of 640 C has 
been passed, the electrolysis is stopped and the electrolyte is pressed into a 150 ml nitrogenized vessel 
During this period, 300 mg of palladium have dissolved anodically, corresponding to an anodic efficiency of 
90 /<,. Evaporation of the solvent under oil pump vacuum leaves 4.4 g of a black solid. This is washed 3 
times with 40-50 ml of an ethanol/pentane mixture (3/7) to yield 360 mg of a grey-black powder which is 
amorphous by X-ray diffraction. This powder readily dissolves in THF, acetone and toluene, and is insoluble 
in water, diethyl ether, and pentane. 

Elemental analysis: Pd 72.5%; the residual 27.5% consists of tetraoctylammonium bromide protecting 
the particles as a colloid stabilizer. 

Transmission electron micrographs show a narrow size distribution of colloids which are all S 5 nm in 
diameter and have spherical geometries. 

Example 26: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0 1 M tetraoc- 
tadecylammonium bromide in THF. The salt will dissolve completely if the electrolytic vessel is maintained 
at a temperature of 60 • C. Two sheets of pure palladium (2 x 2.5 cm 2 geometric electrode surface area 
thickness 1 mm) at a distance of about 3 mm are used as the electrodes. All operations must be performed 
under an inert gas atmosphere (argon or nitrogen). With vigorous stirring by means of a magnetic stirrer or 
with the use of ultrasonic waves, a current of 5 mA which is increased to 17 mA in the course of 10 min is 
passed between the palladium electrodes. By means of a jacket heating, the electrolytic cell is maintained 
at 60 C. In the course of the electrolysis, the electrolyte turns deep-black. After a charge of 640 C has 
been passed, the electrolysis is stopped and the electrolyte is pressed into a 150 ml nitrogenized vessel 
During this period. 300 mg of palladium have dissolved anodically, corresponding to an anodic efficiency of 
9Q /o with an uptake by palladium of 2 electrons. Evaporation of the solvent under oil pump vacuum leaves 
9.5 g of a black solid. This is dissolved in 60 ml of toluene to which 30 ml of an ethanol/water mixture (6/1) 
is added. After vigorous shaking, a brown-grey precipitate forms. This is allowed to set for 24 hours 
whereupon the clear supernatant is syphoned off. Drying under oil pump vacuum for 20 minutes yields 500 
mg (95% yield based on palladium dissolved) of a grey-black powder which is amorphous by X-ray 
diffraction. This powder readily dissolves in pentane and toluene, is-poorly soluble in THF and insoluble in 
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water and acetone. 

Elemental analysis: 58.8% of Pd; the residual 41.2% consists of tetraoctadecylammonium bromide 
protecting the particles as a colloid stabilizer. 

Transmission electron micrographs show a narrow size distribution of colloids which are all ^ 6 nm in 
diameter and have spherical geometries. The solubilities of the colloid powders depend on the protective 
colloid employed and can be adjusted within a selected range from water soluble to pentane soluble: 



protective colloid employed 


solubility of colloid powder 


Example No. 


(dimethyldodecylammonio)propanesulfonate 


water > ethanol 


8 


tetrabutylammonium bromide 


DMF » THF 


10 


tetrabutylammonium bromide 


THF > toluene 


1 


tetradodecylammonium bromide 


toluene > THF 


9 


tetraoctadecylammonium bromide 


pentane > toluene » THF 
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Example 27: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0.1 M tetraoctylam- 
monium perchlorate in THF. All operations must be performed under an inert gas atmosphere (argon or 
nitrogen). Two sheets of pure palladium (2 x 2.5 cm 2 geometric electrode surface area, thickness 1 mm) at 
a distance of about 3 mm are used as the electrodes. With vigorous stirring or with the use of ultrasonic 
waves, a current of 5 mA which is increased to 17 mA in the course of 20 min is passed between the 
palladium electrodes. By means of jacket cooling, the electrolytic cell is maintained at 16' C. In the course 
of the electrolysis, the electrolyte turns deep-black and a grey-brown powder precipitates. After a charge of 
640 C has been passed, the electrolysis is stopped and the electrolyte is pressed into a 150 ml 
nitrogenized vessel. During this period, 300 mg of palladium have dissolved anodically, corresponding to an 
anodic efficiency of 90%. The precipitate is allowed to set for 24 hours, whereupon the brown supernatant 
is syphoned off. After drying under oil pump vacuum for 20 minutes, 320 mg of a grey-black solid is 
obtained which consists of agglomerated Pd particles having sizes of S 8 nm according to transmission 
electron micrographs. Elemental analysis indicates a Pd content of 92% (the remainder is tetraoctylam- 
monium perchlorate). The powder thus obtained is not completely soluble in THF or other solvents, 
however, which indicates poor wetting of the colloid particles by the stabilizer. The same results have been 
obtained with other large, non-coordinating anions, such as BF*" Coordinating anions, such as e.g. 
halogenide, are crucial to the stabilization of the colloids and hence redispersibility. 

Example 28: 

Preparation of a colloid with chiral protective shell - chirality at the quaternary N atom 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0.1 M butylben- 
zyloctyldodecylammonium bromide in THF. Two sheets of pure palladium (2 x 2.5 cm 2 geometric electrode 
surface area, thickness 1 mm) at a distance of about 3 mm are used as the electrodes. All operations must 
be performed under an inert gas atmosphere (argon or nitrogen). With vigorous stirring by means of a 
magnetic stirrer or with the use of ultrasonic waves, a current of 5 mA which is increased to 17 mA in the 
course of 10 min is passed between the palladium electrodes. By means of a jacket heating, the electrolytic 
cell is maintained at 30 'C. In the course of the electrolysis, the electrolyte turns deep-black. After a charge 
of 640 C has been passed, the electrolysis is stopped and the electrolyte is pressed into a 150 ml 
nitrogenized vessel. During this period, 300 mg of palladium have dissolved anodically, corresponding to an 
anodic efficiency of 90%. Addition of 25 ml of oxygen-free water-results in the formation of a brown-grey 
precipitate. This is allowed to set for 24 hours, whereupon the clear supernatant is syphoned off. After 
drying under oil pump vacuum, 350 mg of a grey-black solid is obtained. This solid readily dissolves in THF 
and toluene, and is insoluble in water and pentane. 

Elemental analysis: 72% of Pd; the residual 28% consists of butylbenzyloctyldodecylammonium 

bromide protecting the particles as a colloid stabilizer. 
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Transmission electron micrographs show a narrow size distribution of Pd colloids which are all < 4 nm 
in diameter. 

Example 29: 

Preparation of a colloid with chiral protective shell - chirality in the side chain 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0 1 M tributyld- 
methylbenzyOammonium bromide in THF. Two sheets of pure palladium (2 x 2.5 cm* geometric electrode 
surface area, th.ckness 1 mm) at a distance of about 3 mm are used as the electrodes. All operations must 
be performed under an inert gas atmosphere (argon or nitrogen). With vigorous stirring by means of a 
magnetic stirrer or with the use of ultrasonic waves, a current of 5 mA which is increased to 17 mA in the 
course of 10 m.n is passed between the palladium electrodes. By means of a jacket heating, the electrolytic 
cell is maintained at 35 • C. In the course of the electrolysis, the electrolyte turns deep-black and a brown- 
grey precipitate forms. After a charge of 640 C has been passed, the electrolysis is stopped and the 
electrolyte is pressed into a 150 ml nitrogenized vessel. During this period, 300 mg of palladium have 
dissolved anodically, corresponding to an anodic efficiency of 90%. The precipitate is allowed to set for 24 
hours, whereupon the clear supernatant is syphoned off. After drying under oil pump vacuum 310 mg of a 
grey-black solid is obtained. This solid dissolves readily in DMF and poorly in THF, but is insoluble in water 
and pentane. 

Elemental analysis: 74% of Pd; the residual 26% consists of tribut y l(1-methylbenzyl)ammonium 
bromide protecting the particles as a colloid stabilizer. Transmission electron micrographs show a narrow 
size distribution of Pd colloids which are all £ 6 nm in diameter. 

Example 30: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0-1 M tetraoctylam- 
monium bromide in 2,5-dimethyltetrahydrofuran. Two sheets of pure palladium (2x25 cm* geometric 
electrode surface area, thickness 1 mm) at a distance of about 3 mm are used as the electrodes All 
operations must be performed under an inert gas atmosphere (argon or nitrogen). With vigorous stirring by 
means of a magnetic stirrer, a current of 5 mA which is increased to 17 mA in the course of 10 min is 
P f o S n ed o b ! tWeen the palladium e'ectrodes. By means of a jacket heating, the electrolytic cell is maintained 
at 39 • C. In the course of the electrolysis, the electrolyte turns brown and a brown-grey precipitate forms 
After a charge of 640 C has been passed, the electrolysis is stopped and the electrolyte is pressed into a 
150 ml nitrogenized vessel. During this period, 300 mg of palladium have dissolved anodically, correspond- 
ing to an anodic efficiency of 90%. The precipitate is allowed to set for 3 hours at 39 -C whereupon the 
slightly brown supernatant is syphoned off. After drying under oil pump vacuum, 350 mg'of a grey-black 
solid is obtained. This solid readily dissolves in THF and toluene, and is insoluble in water and pentane 
The course of the experiment is analogous with Ni, Co, and Fe. 

Elemental analysis: 72% of Pd: the residual 28% consists of tetraoctylammonium bromide protecting 
the particles as a colloid stabilizer. a 

Transmission electron micrographs show a narrow size distribution of Pd colloids which are all < 2 nm 
in diameter. 

Example 31: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0.1 M tetrabutylam- 
moniurn acetate in THF. Two sheets of pure platinum (1.5 x 2 cm* geometric electrode surface area 
thickness 0.5 mm) at a distance of about 3 mm are used as the electrodes. All operations must be 
performed under an inert gas atmosphere (argon or nitrogen). Under ultrasonic action, 0 5 g of PtCb is 
dissolved in the electrolyte and a current of 5 mA which is increased to 30 mA in the course of 10 min is 
passed between the platinum electrodes. By means of jacket cooling, the electrolytic cell is maintained at 
20 C. In the course of the electrolysis, the electrolyte turns deep-black. After a charge of 365 C has been 
passed, the electrolysis is stopped and the electrolyte is pressed into a 200 ml nitrogenized vessel Within 
2-5 hours, a grey-black precipitate forms. The slightly brown clear supernatant is pressed off under inert 
gas and the precipitate is washed twice with 10 ml of diethyl ether. Drying under oil pump vacuum for one 
hour yields 645 mg of a grey-black powder. This powder readily dissolves in DMF, and is insoluble in water 
diethyl ether, THF, acetonitrile, toluene, and pentane. 
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Elemental analysis: 51% of platinum. The remainder consists of the ammonium salt. This corresponds 
to an efficiency of 90% with an uptake of 2 electrons per platinum ion. Transmission electron micrographs 
show a narrow size distribution of colloids which are all 3-5 nm in diameter and have spherical geometries. 
Comparative TEM/STM investigations of these colloids (adsorbed from a DMF solution, substrate 200 nm 
gold on Tempax quartz carrier) clearly show coating of the metal cores with a monomolecular layer of 
stabilizer. Electrolyses with PtBr 2 , Ptl 2 , and platinum(ll) acetylacetonate proceed in much the same way. 

Example 32: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0.1 M 
tetrabutylammonium acetate in THF/ACN (4/1). Metal salt: 0.5 g of PdCI 2 . Current: 5 mA, increased to 20 
mA in the course of 10 minutes. Charge passed: 500 C. Product: 440 mg of a grey-black powder. This 
powder readily dissolves in DMF, and is insoluble in water, diethyl ether, THF, acetonitrile, toluene, and 
pentane. 

Elemental analysis: 62% of palladium. Yield 93%. Size: < 5 nm. Electrolyses with PdBr 2 , Pdfe. and 
palladium(ll) acetylacetonate proceed in much the same way. 

Example 33: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0.1 M 
tetrabutylammonium trifluoroacetate in THF. Metal salt: 0.5 g of PdCI 2 . Charge passed: 500 C. Product: 458 
mg of a grey-black powder. This powder readily dissolves in DMF, and is insoluble in water, diethyl ether, 

THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 54% of palladium. Yield 84%. Diameter < 5 nm. Electrolyses with PdBr 2 , Pdl 2 , and 
palladium(ll) acetylacetonate proceed in much the same way. 

Example 34: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 50 ml of 0.1 M 
tetraoctylammonium bromide in THF. Metal salt: 50 ml of 0.05 M Mo 2 (OAc) 4 in THF. Charge passed: 480 
C. The electrolyte is pressed into a 200 ml nitrogenized vessel and addition of 20 ml of diethyl ether results 
in the formation of a grey-black precipitate upon vigorous shaking. Product: 265 mg of a black powder. This 
powder readily dissolves in THFand toluene, and is insoluble in water, diethyl ether, DMF, acetonitrile, and 

pentane. . . K , ^. 

Elemental analysis: 37% of molybdenum. Yield 72%. Diameter: 1-5 nm. Electrolyses with NocUCI. 
N0CUCIO4, NocUPFs, NocUBF*. NocUOTf, NocUOTs, PocUCI, or PocUBr as the stabilizer proceed in 
much the same way. 

Example 35: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 50 ml of 0.1 M 
tetrabutylammonium acetate in THF, and 50 ml of 0.1 M tetrabutylammonium chloride in THF. Metal salt: 
0.5 g of RhCI 3 «xH 2 0. Charge passed: 700 C. Product: 440 mg of a grey-black powder. This powder readily 
dissolves in DMF, and is insoluble in water, diethyl ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 46% of rhodium. Yield: 92%. Diameter: 2-3 nm. Electrolyses with RhBr 3 *xH 2 0 and 
RhCb proceed in much the same way. 

Example 36: 

The procedure and processing are analogous to that of Example 31. Two sheets of pure platinum (4x4 
cm 2 geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as the 
electrodes. Metal salt: 0.5 g of RuCl 3 -H 2 0. By means of jacket cooling, the electrolytic cell is maintained at 
18°C. Charge passed: 650 C. Within 24 hours, a grey-black precipitate forms. Product: 290 mg of a grey- 
black powder. This powder readily dissolves in DMF, and is insoluble in water, diethyl ether, THF, 

acetonitrile, toluene, and pentane. 

Elemental analysis: 55% of ruthenium. Yield: 73%. Diameter: < 5 nm. Electrolyses with RuCI 3 proceed 

in much the same way. 
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Example 37: 



The procedure and processing are analogous to that of Example 31. Two sheets of pure platinum (4x4 
cm 2 geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as the 
electrodes. Metal salt: 0.5 g of CoBr 2 . By means of jacket cooling, the electrolytic cell is maintained at 
18 'C. Charge passed: 400 C. The slightly brown clear supernatant is pressed off under inert gas and the 
precipitate is washed twice with 10 ml of absolute pentane. Product: 250 mg of a grey-black powder. This 
powder readily dissolves in DMF, and is insoluble in water, diethyl ether, THF, acetonitrile, toluene, and 
pentane. 

Elemental analysis: 44% of cobalt. Yield: 88%. Diameter: < 5 nm. Electrolyses with Col 2 proceed in 
much the same way. 



Example 38: 

The procedure and processing are analogous to that of Example 31. Two sheets of pure platinum (4x4 
cm 2 geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as the 
electrodes. Metal salt: 0.5 g of NiBr 2 . By means of jacket cooling, the electrolytic cell is maintained at 
18°C. Charge passed: 500 C. The slightly brown clear supernatant is pressed off under inert gas and the 
precipitate is washed twice with 10 ml of absolute pentane. Product: 250 mg of a grey-black powder. This 
powder readily dissolves in DMF, and is insoluble in water, diethyl ether, THF, acetonitrile, toluene, and 
pentane. 

Elemental analysis: 38% of nickel. Yield: 86%. Diameter: < 5 nm. Electrolyses with Nil 2 proceed in 
much the same way. 

Example 39: 



The procedure and processing are analogous to that of Example 31. Metal salt: 0.5 g of OsCI 3 By 
means of jacket cooling, the electrolytic cell is maintained at 18-C. Current: 5 mA, increased to 15 mA in 
the course of 5 minutes. Charge passed: 500 C. Within 24 hours, a grey-black precipitate forms. Product: 
360 mg of a grey-black powder. This powder readily dissolves in DMF, and is insoluble in water, diethyl 
ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 62% of osmium. Yield: 69%. Diameter: < 3 nm. 

Example 40: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0 05 M 
tetrabutylammonium acetate in THF. Metal salt: 0.5 g of Pd(OAc) 2 . Current: 2 mA, increased to 30 mA in 
the course of 10 minutes. Charge passed: 430 C. Product: 318 mg of a black powder. This powder readily 
dissolves in DMF, and is insoluble in water, diethyl ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 70% of palladium. Yield: 95%. Diameter: 1-5 nm. Electrolyses with Pd(ll) 
trifluoroacetate and Pd(ll) trifluoromethanesulfonate proceed in much the same way. 

Example 41 : 



The procedure and processing are analogous to that of Example 31. Metal salt: 0.6 g of GaBr 3 . Current* 
2 mA, increased to 20 mA in the course of 10 minutes. Charge passed: 550 C. Product: 195 mg of a black 
powder. This powder readily dissolves in DMF, and is insoluble in water, THF, diethyl ether, toluene 
acetonitrile, and pentane. 

Elemental analysis: 61% of gallium. Yield: 89%. Diameter: < 10 nm. Electrolyses with GaCI 3 proceed in 
much the same way. 



Example 42: 



In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 100 ml of 0 1 M 
tetraoctylammonium bromide in THF. 

Two sheets of pure platinum (1.5 x 2 cm 2 geometric electrode surface area, thickness 0.5 mm) at a 
distance of about 3 mm are used as the electrodes. All operations must be performed under an inert gas 
atmosphere (argon or nitrogen). Under ultrasonic action, 0.6 g of ln(OAc) 3 is dissolved in the electrolyte and 
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a current of 2 mA which is increased to 20 mA in the course of 10 min is passed between the plat.num 
electrodes By means of jacket cooling, the electrolytic cell is maintained at 20 • C. In the course of the 
electrolysis, the electrolyte turns deep-black. After a charge of 600 C has been passed, the electrolysis is 
stopped and the electrolyte is pressed into a 200 ml nitrogenized vessel. Addition of 15 ml of oxygen-free 
water to the electrolyte results in the formation of a grey-black precipitate upon vigorous shaking. After 24 
hours the slightly brown clear supernatant is pressed off under inert gas and the prec.p.tate is washed 
twice with 10 ml of diethyl ether. Drying under oil pump vacuum for 24 hours yields 380 mg of a black 
powder. This powder readily dissolves in THF and toluene, and is insoluble in water, diethyl ether, DMF, 
acetonitrile, and pentane. 

Elemental analysis: 55% of indium. This corresponds to an efficiency of 89% with an uptake of 3 
electrons per indium ion. Transmission electron micrographs show a size distribution of colloids which are 
all< 10 nm in diameter and have spherical geometries. Electrolyses with NocUCI, NocUCIO*. NocUPF 6 , 
NocUBF*, NocUOTf, NocUOTs, PocUCI, or PocUBr as the stabilizer proceed in much the same way. 

Example 43: 

The procedure and processing are analogous to that of Example 31. Metal salt: 0.5 g of TI(OAc) 3 . 
Charge passed: 370 C. Product: 530 mg of a black powder. This powder readily dissolves in DMF, and is 
insoluble in water, THF, diethyl ether, toluene, acetonitrile, and pentane. 

Elemental analysis: 36% of thallium. Yield: 72%. Diameter: 1-5 nm. 

Example 44: 

The procedure and processing are analogous to that of Example 42. Metal salt: 0.5 g of Pd(OAc) 2 . 
Charge passed: 430 C. Product: 288 mg of a black powder. This powder readily dissolves in THF and 
toluene and is insoluble in water, diethyl ether, DMF, acetonitrile, and pentane. 

Elemental analysis: 72% of palladium. Yield: 88%. Diameter: 3-4 nm. Comparative TEM/STM .nvest.ga- 
tions of these colloids (adsorbed from a THF solution, substrate: 200 nm gold on Tempax quartz carrier) 
clearly show coating of the metal cores with a monomolecular layer of stabilizer. Electrolyses with NocUCI. 
NocUCIO*. NocUPFs. NocUBF*. NocUOTf, NocUOTs. PocUCI. or Poet, Br as the stabilizer proceed in 
much the same way. 

Example 45: 

The procedure and processing are analogous to that of Example 42. Electrolyte: 100 ml of 0.1 M 
tetraoctylammonium bromide in THF/water (10/1). Metal salt: 0.5 g of PtBr 2 . Charge passed: 270 C. 
Product: 420 mg of a black powder. This powder readily dissolves in THF and toluene, and is insoluble in 
water, diethyl ether, DMF, acetonitrile, and pentane. 

Elemental analysis: 41% of platinum. Yield: 63%. Diameter: 1-10 nm. Electrolyses with NocUCI, 
NocUCIO*. NocUPFs. NocUBF*, NocUOTf, NocUOTs, PocUCI. or PocUBr as the stabilizer proceed in 
much the same way. 

Example 46: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0.1 M 
tetrabutylammonium bromide in THF. Metal salt: 0.5 g of Pd(OAc) 2 . Charge passed: 430 C. Product: 294 
mg of a black powder. This powder very readily dissolves in DMF, and is insoluble in water, diethyl ether, 

THF, acetonitrile, toluene, and pentane. . 

Elemental analysis: 71% of palladium. Yield: 89%. Diameter: 3-4 nm. Comparative TEM/STM investiga- 
tions of these colloids (adsorbed from a DMF solution, substrate: 200 nm gold on Tempax quartz carrier) 
clearly show coating of the metal cores with a monomolecular layer of stabilizer. Electrolyses with NBuiCI. 
NBul. NBU4CIO4, NBu4PF 6 , NBU4BF4. NBu40Tf, NBU4OTS, PBiuCI, or PBu4Br as the stabilizer proceed in 
much the same way. 

Example 47: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 100 ml of 0.1 M 
tetraoctadecylammonium bromide in THF, thermostated at 60 • C. Two sheets of pure platinum (1 .5 x 2 cm 
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geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as the 
electrodes. All operations must be performed under an inert gas atmosphere (argon or nitrogen). Under 
ultrasonic action or with vigorous stirring by means of a magnetic stirrer, 0.5 g of Pd(OAc) 2 is dissolved in 
the electrolyte and a current of 2 mA which is increased to 10 mA in the course of 10 min is passed 
between the platinum electrodes. By means of a jacket heating, the electrolytic cell is maintained at 60 • C 
in order to keep the stabilizer in solution. In the course of the electrolysis, the electrolyte turns deep-black. 
After a charge of 430 C has been passed, the electrolysis is stopped and the electrolyte is pressed into a 
200 ml mtrogenized vessel. Evaporation of the solvent under oil pump vacuum leaves a black solid. This is 
dissolved in 100 ml of toluene and 20 ml of an ethanol/water mixture (10/1) is slowly added. Upon vigorous 
shaking, a grey-black precipitate forms. After 24 hours, the slightly brown clear supernatant is pressed off 
under inert gas and the precipitate is washed twice with 10 ml of diethyl ether. Drying under oil pump 
vacuum for 24 hours yields 457 mg of a grey powder. This powder readily dissolves in toluene and 
pentane, and is insoluble in water, diethyl ether, DMF, THF, and acetonitrile. 

Elemental analysis: 34% of palladium. This corresponds to an efficiency of 66% with an uptake of 2 
electrons per palladium ion. Transmission electron micrographs show a size distribution of colloids which 
are all 1-5 nm in diameter and have spherical geometries. Comparative TEM/STM investigations of these 
colloids (adsorbed from a pentane solution, substrate: 200 nm gold on Tempax quartz carrier) clearly show 
coating of the metal cores with a monomolecular layer of stabilizer. 

Example 48: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0 1 M 
tetrabutylammonium butanoate in THF. Metal salt: 0.5 g of PtBr 2 . Charge passed: 270 C. Product: 316 mg 
of a grey-black powder. This powder readily dissolves in DMF, and is insoluble in water, diethyl ether THF 
acetonitrile, toluene, and pentane. 

Elemental analysis: 79% of platinum. Yield: 91%. Diameter: 1-10 nm. Electrolyses with PtCfe. Ptfe and 
platinum(ll) acetylacetonate proceed in much the same way. 

Example 49: 

The procedure and processing are analogous to that of Example 42. Electrolyte: 100 ml of 0 1 M 
tetraoctylammonium propanoate in THF. Metal salt: 0.5 g of PtCI 2 . Charge passed: 370 C. Product" 508 mg 
of a grey-black powder. This powder readily dissolves in THF and toluene, and is insoluble in water diethyl 
ether, DMF, acetonitrile, and pentane. 

Elemental analysis: 71% of platinum. Yield: 98%. Diameter: 1-10 nm. Electrolyses with PtBr 2 , Ptl 2 , and 
platinum(ll) acetylacetonate proceed in much the same way. 

Example 50: 

The procedure and processing are analogous to that of Example 42. Electrolyte: 100 ml of 0 1 M (-)-A/- 
dodecyl-A/-methylephedrinium bromide in THF. Metal salt: 0.5 g of Pd(OAc) 2 . Charge passed: 430 C 
Product: 325 mg of a grey-black powder. This powder readily dissolves in DMF, and is insoluble in water 
diethyl ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 65% of palladium. Yield: 90%. Diameter: 1-5 nm. NMR spectroscopic studies 
clearly show the signals of the stabilizer. 

Example 51: 

The procedure and processing are analogous to that of Example 42. Electrolyte: 100 ml of 0 1 M 
benzylbutyldodecyloctylammonium bromide in THF. Metal salt: 0.5 g of Pd(OAc) 2 . Charge passed" 430 C 
Product: 274 mg of a grey-black powder. This powder readily dissolves in THF and toluene, and is insoluble 
in water, diethyl ether, DMF, acetonitrile, and pentane. 

Elemental analysis: 78% of palladium. Yield: 91%. Diameter: 1-5 nm. NMR spectroscopic studies 
clearly show the s.gnals of the stabilizer. Electrolyses with tributyl(1-methylbenzyl)ammonium bromide as 
the stabilizer proceed in much the same way. 
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Example 52: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0.1 M 3- 
(dimethyldodecylammonio)propanesulfonate.LiCI in THF. Metal salt: 0.5 g of Pd(OAc) 2 . Current: 2 mA, 
increased to 15 mA in the course of 10 minutes. By means of jacket cooling, the electrolytic cell is 
maintained at 40 *C. Charge passed: 430 C. Product: 402 mg of a grey-black powder. This powder readily 
dissolves in water, methanol and ethanol, and is insoluble in THF, toluene, diethyl ether, DMF, acetonitnle, 

and pentane. ... 

Elemental analysis: 52% of palladium. Yield: 89%. Diameter: 1-10 nm. Electrolyses with 3-(N,N- 
dimethylstearylammonio)propane-sulfonate as the stabilizer proceed in much the same way. Comparative 
TEM/STM investigations of these colloids (adsorbed from an aqueous solution, substrate: 200 nm gold on 
Tempax quartz carrier) clearly show coating of the metal cores with a monomolecular layer of stabilizer. 
Survey of the solubilities of differently stabilized colloids: 



Example 


stabilizer 


colloid is soluble in 


. 52 
31 
34 

I 47 


(dimethyldodecylarrimonio)propanesulfonate 
tetrabutylammonium ... 
tetraoctylammonium ... 
tetraoctadecylammonium ... 


water > ethanol 
DMF» THF 
THF > toluene 
pentane > toluene » THF 



Example 53: 

The procedure and processing are analogous to that of Example 52. Electrolyte: 100 ml of 0.1 M 3- 
(dimethyldodecylammonio)propanesulfonate.LiOAc in THF. Metal salt: 0.5 g of RuCI 3 -H 2 0. Charge passed: 
650 C. Product: 270 mg of a black powder. This powder very readily dissolves in water, and is insoluble in 
DMF diethyl ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 58% of ruthenium. Yield: 75%. Diameter: 1-2 nm. Comparative TEM/STM investiga- 
tions of these colloids (adsorbed from an aqueous solution, substrate: 200 nm gold on Tempax quartz 
carrier) clearly show coating of the metal cores with a monomolecular layer of stabilizer. 

Example 54: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0.05 M 
tetrabutylammonium bromide in propylene carbonate. Metal salt: 0.5 g of Pd(OAc) 2 . Charge passed: 430 C. 
Product: 550 mg of a black powder. This powder very readily dissolves in DMF, and is insoluble in water, 
diethyl ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 41% of palladium. Yield: 96%. Diameter: 1-5 nm. Electrolyses with NBu.CI, NBiul. 
NBU4CIO4, NBu4PF 6 , NBU4BF4, NBu4 OTf, NBuaOTs, PBimCI, or PBu*Br as the stabilizer proceed in much 
the same way. 

Example 55: 

The procedure and processing are analogous to that of Example 31. Electrolyte: 100 ml of 0.05 M 
tetrabutylammonium bromide in acetonitrile. Metal salt: 0.5 g of Pd(OAc) 2 - Charge passed: 430 C. Product: 
367 mg of a black powder. This powder very readily dissolves in DMF, and is insoluble in water, diethyl 
ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 57% of palladium. Yield: 89%. Diameter: 1-5 nm. Electrolyses with NBu*CI, NBu*l, 
NBU4CIO4, NBiuPFe, NBU4BF4, NBU4OTT, NBU4OTS, PBU4CI, or PBu4Br as the stabilizer proceed in much 
the same way. 



Example 56: 

The procedure and processing are analogous to that of Example 31. Two sheets of pure platinum (4x4 
cm 2 geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as the 
electrodes. Current: 1 mA. Product: 630 mg of a grey-black powder. This powder readily dissolves in DMF, 
and is insoluble in water, diethyl ether, THF, acetonitrile, toluene, and pentane. 
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Elemental analysis: 52% of platinum. Yield: 90%. Diameter: 6-15 nm. As compared to Example 31 and 
Example 57, electrolysis with low current densities results in larger colloids. 

Example 57: 

The procedure and processing are analogous to that of Example 31. Current: 195 mA. Product: 788 mg 
of a grey-black powder. This powder readily dissolves in DMF, and is insoluble in water, diethyl ether THF 
acetonitrile, toluene, and pentane. 

Elemental analysis: 38% of platinum. Yield: 82%. Diameter: < 2 nm. As compared to Example 31 and 
Example 56, electrolysis with high current densities results in smaller colloids. 



Example 


current density [mA/cm 2 ] 


colloid diameter [nm] 


56 


0.06 


6-15 


31 


10.00 


3-5 


57 


65.00 


< 2 



Example 58: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 100 ml of 0 1 M 
tetrabutylammonium acetate in THF. 3.5 g of dried and mortar-ground alumina is suspended in this solution 
as a substrate material. Two sheets of pure platinum (4 x 4 cm* geometric electrode surface area thickness 
0.5 mm) at a distance of about 3 mm are used as the electrodes. All operations must be performed under 
an inert gas atmosphere (argon or nitrogen). With stirring, 0.5 g of RuCI 3 -H 2 0 is dissolved in the electrolyte 
and a current of 5 mA which is increased to 30 mA in the course of 10 minutes is passed between the 
platinum electrodes. By means of jacket cooling, the electrolytic cell is maintained at 18 'C In the course of 
the electrolysis, the electrolyte turns deep-black. After a charge of 635 C has been passed, the electrolysis 
is stopped. After 2 hours, the supernatant is pressed off under inert gas and the residual solid is washed 
twice with 20 ml of diethyl ether. Drying under oil pump vacuum for 24 hours yields 3 8 g of a liaht-arev 
powder. a ' 

Elemental analysis: 3.9% of ruthenium. This corresponds to an efficiency of 68% with an uptake of 3 
electrons per ruthenium ion. Transmission electron micrographs show a narrow size distribution of colloids 
which are all < 5 nm in diameter and have spherical geometries. Electrolyses with active charcoal Si0 2 
Ti0 2 , La z 0 3 , Y 2 0 3 , MgO, or Kevlar® as the substrate material proceed in much the same way. 

Example 59: 

In a 150 ml nitrogenized vessel, 250 mg of palladium colloid (cf. Example 52, metal content 26% 
average size 3-5 nm) is dissolved in 100 ml of oxygen-free water. All operations must be performed under 
an inert gas atmosphere (argon or nitrogen). With vigorous stirring, 5.0 g of dried and mortar-ground 
titaniumdiox.de is added and stirring is continued for another 50 min. After 2 hours, the solvent is 
evaporated under oil pump vacuum. Drying under oil pump vacuum for 24 hours yields 5 25 a of a liaht- 
grey powder. 3 a 

Elemental analysis: 1.3% of palladium. Transmission electron micrographs show a narrow size distribu- 
tion of colloids which are all 3-5 nm in diameter, have spherical geometries and are individually fixed on the 
substrate. Thus, the same size distribution as prior to substrate fixation is observed. Substrate fixations 
using active charcoal, Al 2 0 3 . Si0 2 , La 2 0 3 , Y 2 0 3 , MgO, or Kevlar® as the substrate material proceed in 
much the same way. 

Example 60: 

In a 50 ml nitrogenized vessel, 100 mg of palladium colloid (cf. Example 44, metal content 72% 
average size 1-5 nm) is dissolved in 10 ml of THF. All operations must be performed under an inert aas 
atmosphere (argon or nitrogen). With the use of ultrasonic waves, a solution of 0.5 g of dried poly- 
pheny lene-vinylene) in 10 ml of THF is added. After 10 min, the solvent is evaporated under oil pump 
vacuum. Drying under oil pump vacuum for two hours yields 600 mg of a dark powder. 
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70 



75 



20 



25 



30 



35 



Elemental analysis: 12% of palladium. The powder thus prepared is very useful for the preparation of 
films and workpieces. Embeddings using PMMA and polystyrene proceed in much the same way. 

Example 61 : 

The procedure and processing are analogous to that of Example 31. Metal salts: 0.25 g of PtCI 2 and 
0 25 q of RhCI 3 .3H 2 0. Charge passed: 530 C. Product: 360 mg of a grey-black powder. Th.s powder 
readily dissolves in DMF, and is insoluble in water, diethyl ether, THF. acetonitrile, toluene, and pentane. 

Elemental analysis: 42% of platinum and 24% of rhodium. Yield: 86%. Diameter: < 3 nm Energy- 
dispersive X-ray spot analysis (EDX) of individual particles clearly shows that both platinum and rhodium 
are present in the colloids. Comparative TEM/STM investigations of these colloids (adsorbed from a DMF 
solution substrate: 200 nm gold on Tempax quartz carrier) clearly show coating of the metal cores with a 
monomolecular layer of stabilizer. Electrolyses of platinum from PtBr 2 . Ptl 2 , platinum(ll) acetylacetonate. 
and of rhodium from RhCI 3 and RhBr 3 ^xH 2 0 proceed in much the same way. 

Example 62: 

The procedure and processing are analogous to that of Example 31. Metal salts: 450 mg of PtCI 2 and 
50 mq of RhCb-3H 2 0. Charge passed: 400 C. Product: 340 mg of a grey-black powder. Th.s powder 
readily dissolves in DMF, and is insoluble in water, diethyl ether, THF, acetonitrile, toluene, and pentane. 

Elemental analysis: 62% of platinum and 4% of rhodium. Yield: 83%. Diameter: < 3 nrrv Energy- 
dispersive X-ray spot analysis (EDX) of individual particles clearly shows that both platinum and rhodium 
are present in the colloids. Electrolyses of platinum from PtBr 2 , Ptl 2 , platinum(ll) acetylacetonate, and of 
rhodium from RhCb and RhBr 3 «xH 2 0 proceed in much the same way. 

Example 63: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 100 ml of 0.1 M 
tetraoctylammonium bromide in THF. The following serve as electrodes: a sheet of pure platinum is used as 
the cathode and a sheet of pure copper is used as the anode (1.5 x 2 cm* geometry electrode surface 
area, thickness 0.5 mm) at a distance of about 3 mm. All operations must be performed under an inert gas 
atmosphere (argon or nitrogen). Under ultrasonic action, 0.5 g of PdBr 2 is dissolved ,n the electrolyte and a 
current of 2 mA which is increased to 20 mA in the course of 10 minutes is passed between the electrodes. 
By means of jacket cooling, the electrolytic cell is maintained at 20 »C. In the course of the electrolysis he 
electrolyte turns deep-black. After a charge of 490 C has been passed, the electrolysis ,s stopped and he 
electrolyte is pressed into a 200 ml nitrogenized vessel. Addition of 15 ml of oxygen-free water to he 
electrolyte results in the formation of a grey-black precipitate upon vigorous shaking. After 24 hours the 
slightly brown clear supernatant is pressed off under inert gas and the precipitate is washed tw.ce w,th 10 
ml of diethyl ether. Drying under oil pump vacuum for 24 hours yields 570 mg of a black powder. Th.s 
powder readily dissolves in THF and toluene, and is insoluble in water, diethyl ether, DMF, acetonitrile, and 

^ElTmental analysis: 35% of palladium and 15% of copper. The remainder is the tetraoctylammonium 
bromide stabilizer. This corresponds to an efficiency of 97%. Transmission electron micrographs show a 
size distribution of colloids which are all 1-5 nm in diameter and have spherical geometr.es. Energy- 
i dispersive X-ray spot analysis (EDX) of individual particles clearly shows that both palladium and copper 
are present in the colloids. Electrolyses with NocUCI. NocUCIO*, NocUPF 6 , NocUBF*. NocUOTf, 
NocUOTs, Poet* CI, or PocUBr as the stabilizer proceed in much the same way. 



50 



Example 64: 



55 



The procedure and processing are analogous to that of Example 63. Metal salt: 0.5 g of PtCfe. Charge 
passed: 495 C. Product: 675 mg of a black powder. This powder readily dissolves in THF and toluene, and 
is insoluble in water, diethyl ether, DMF, acetonitrile, and pentane. 

Elemental analysis: 53% of platinum and 23% of copper. Yield: 98%. Diameter: 1-5 nm. Energy- 
dispersive X-ray spot analysis (EDX) of individual particles clearly shows that both platinum and copper are 
present in the colloids. Electrolyses with NocUCI, NocUCIO*. NocUPF 6 , NocUBF*. NocUOTf, NocUOTs, 
PocUCI, or PocUBr as the stabilizer proceed in much the same way. 
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Example 65: 



The Procedure and processing are analogous to that of Example 63. Electrolyte: 100 ml of 0 1 M 
tetrabuty.ammonium bromide in THF. As electrodes, a sheet of pure platinum is used as the cathode and a 
tn sheet .. used as the anode (1.5 x 2 cm* geometric electrode surface area, thickness 0.5 mm) at a 
distance of about 3 mm. Metal salt: 0.5 g of PtCI 2 . Charge passed: 800 C. Product: 745 mg of a bfack 

Z^JKL?* diSSO,V6S " DMF ' ^ " inS0 ' Ub,e in Water ' THF ' ether, 
Elemental analysis: 49% of platinum and 36% of tin. Yield: 98%. Diameter: 3-5 nm. Energy-dispersive 
P °r VS 'f- ( ^ °l individual Darticle * dearly shows that both platinum and tin are presenHn the 
Conors. Comparative TEM/STM investigations of these colloids (adsorbed from a DMF solution, substrate 
200 nm gold on Tempax quartz carrier) clearly show coating of the metal cores with a monomolecular laye 

iS'lrr,!! NBu * ci ' NBu4 '- NBU4cia - nbu * pf6 - nbu * bf - nbu ^ t '- nb u ,ots, 

PBu*CI, or PBu*Br as the stabilizer proceed in much the same way. 
Example 66: 

In a multi-purpose electrolytic cell for 20-100 ml of electrolyte are charged 90 ml of 0.1 M tetrabutylam- 
a"^"^^^ 3 ^ ^ 9 ? charcoJi. suspended in this soSo Ts 

0 5 mm?2 T?SL ? 1 f. 0 ' PUre P ' atinUm 05X2 Cm2 960metric e,ectrode surfa <* thickness 
an S ~ t I T 3 mm US6d 35 thS electrode ^ AH operations must be performed under 
! n h ; e " 9a n S . at ™ s P*™ (argon or nitrogen). Under ultrasonic action, 0.25 g of PtCI 2 and 0.25 g of 
oMOmin 'I' 8 d ' SSOlV fj n the elec trolyte and a current of 5 mA which is increased to 30 mA in the course 

ma maTned a wT^T" < TT ° V means ° f j3Cket C00lin 9' the electrol * ic ce " '« 

maintamed at 20 C. In the course of the electrolysis, the electrolyte turns deep-black. After a charge of 530 

vessel ThTS, h el f r ° ,ySis is St °PP ed and the ^rolyte is pressed into a 200 ml nitrogenized 
twice ^ wi[h in m nf h°T ?Z SUP n ematant is Dressed off under ™« Gas and the residual solid is washed 
Powder Und6r ° M PUmp V3CUUm f0r ° ne hour yields 5 36 9 of a blac k 

^ E lT^!L an 1T\ 3 ; 1% ° f P ' atinUm 17% ° f rh0dium - This corresponds to an efficiency of 83% 
m croaranEfl. * pe :. platinum ion and 3 ele *rons per rhodium ion. Transmission e.ectron 

ZnZf P h 5,26 d,stribution of co " oids w "ich are all < 3 nm in diameter, have spherical 

geometries and are individually fixed on the substrate. Energy-dispersive X-ray spot analysis (EDX) of 
.nd, v ,dual P art,cles dearly shows that both platinum and rhodium are present in the co.loids. Electrise o 
platmum from PtBr 2 , Pt. 2 , P latinum(.l) acety.acetonate, and of rhodium from RhCI 3 and RhB° .xH 2 0 
proceed in much the same way. 3 2KJ 

Example 67: 

In a miniautoclave, 85 mg of palladium on active charcoal (similar to Example 59 metal content 5%\ ar P 
suspended in 20 ml of DMF. After 2 mmo. of bromobenzene, 2 mmo. of styren • " 4 mmo, of 
^trabuty ammon,um acetate have been added, heating at 120'C is performed with shaking. After leTa* 
mg of stilbene can be isolated from the reaction solution. This corresponds to a 74% conversion. 

Example 68: 

in XmiTS^SZ'? m9 1 0f / h ° d 1 i T C °" 0id (SimMar t0 Exam P' e 45 - ™™ content 38%) are dissolved 
in 20 ml o THF After 5 mmol of cyclohexene has been added, the vessel is exposed to an atmosphere of 
hydrogen (1 bar with shaking at 20 'C. After 1 h. hydration is complete, and in the gas chroltogram o 
conversioT ' ' CyC '° hexane and THF can °* detected. This corresponds to a" 100% 

Example 69: 

In an autoclave, 150 mg of ruthenium/alumina catalyst (similar to Example 58, metal content 3 9%) is 
suspended m 25 ml of benzene and 5 m, of water. Then, the suspension is heated aT 145 4 and 
pressurized with hydrogen (total pressure 50 bar, with stirring. After 25 min, the gas chromatogram shows a 
product distribution of 31 % of cyclohexene and 69% of cyclohexane. ™«°gram snows a 
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Example 70: 



In a multi-purpose electrolytic cell for 20-100 ml of electrolyte, 10 mg of palladium colled (cf. Example 
32 metal content 62%) is dissolved in 20 ml of DMF. As electrodes, a sheet of pure plat.num .s used as the 
caihode and a Apiece o freshly drawn graphite (HOPG) is used as the anode (1 x i cm' geometr.c electrode 
surface area) at a distance of about 6 mm. All operations must be performed under an ,nert gas atmosphere 
argon or nftrogen) For 30 seconds, a voltage of 30 vo.ts is applied between the electrodes. Subsequently, 
the graphite electrode is removed and washed twice with 3 ml of diethyl ether. 

Scanning force microscopic studies clearly show covering of the surface w.th the colloid. 



10 



Example 71 



T5 



In a 2 ml plastic vessel. 160 ul of 0.1 M aqueous sodium fluoride ,s added "th st.rr.ng to 4 mmo of 
Mg(OEt) 2 , 1 mmol of methyl-trimethc-xysilane, 1 mg of palladium colloid (metal content 44%). and 200 u I of 
? H i drying at 50 'C for 24 hours, remaining volatile components are removed under o.l pump 
vacuum Tor ani 24 hours. Then, the mortar-ground residue in ethano. is refluxed for 24 hours. After 

decantation, the solid is dried under oil pump vacuum. 
Elemental analysis: 0.1% of palladium. 



20 Example 72: 



25 



In a 60 ml miniautoclave. 85 mg of palladium in sol-gel matrix (cf. Example 71. metal content 0M /,) are 
suspended in 20 ml of DMF, After 2 mmol of iodobenzene. 2 mmol <« ™"°L£ 
tetrabutylammonium acetate have been added, heating at 60'C is performed w.thshak.ng. After 12 h. 288 
mg of stilbene can be isolated from the reaction solution. This corresponds to an 80/<» yield. 



Example 73: 



30 



The procedure and processing are analogous to that of Example 31. Two sheets of pure plat.num (4 x 4 
cm* geometric electrode surface area, thickness 0.5 mm) at a distance o about 3 mm are ; used a . the 
electrodes. Metal salt: 0.5 g of YCI 3 - By means of jacket cooling, the electrolyse cel. « * JJ£ 

Charae oassed' 750 C. Within 24 hours, a grey-black precipitate forms. Product: 420 mg of a grey black 
powder. This powder readily dissolves in DMF. and is insoluble in diethyl ether, THF. acetonitnle, toluene. 



and pentane. 

35 Elemental analysis: 22% of yttrium. Yield: 40%. 
Diameter: < 5 nm. 

Example 74: 



The procedure and processing are analogous to that of Example 31 . Two sheets of pure plat.num (4 x 4 
cm* geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as the 
tetrodes Metal salt: 0.5 g of ZrCU. By means of jacket cooling, the electrolytic cell .s ma.nta.ned at 
IsT Charge pa Ssed: 825 C. Within 24 hours, a grey-black precipitate forms. Product: 244 mg of a grey- 
Dlack'powder. This powder readily dissolves in DMF, and is insoluble in diethyl ether, THF. aceton.tnle. 

45 toluene, and pentane. 

Elemental analysis: 36% of zirconium. Yield: 45%. Diameter: < 3 nm. 

Example 75: 

so The procedure and processing are analogous to that of Example 31 . Two sheets of pure platinum (4 x 4 
cm2 geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as the 
electrodes. Metal salt: 0.5 g of NbBr 5 . By means of jacket cooling, the electrolytic eel is ma.nta.ned ^at 
18 -C Charge passed: 500 C. Within 24 hours, a grey-black precipitate forms. Product: 114 mg of a grey- 
black ' powder. This powder readily dissolves in DMF, and is insoluble in water, d.ethyl ether, THF, 

55 acetonitrile, toluene, and pentane. 

Elemental analysis: 50% of niobium. Yield: 60%. Diameter: 1-3 nm. 
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Example 76: 



The procedure and processing are analogous to that of Example 31. Two sheets of pure platinum (4 x 4 
cm^ geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used is the 

t T^^g^p sS 500 ^W^ 6 : meanS ° f jaCk6t C ° 0lin9 ' the eleCtr0l * ic ^ i«ained at 
hL^' JST T . " 24 hOUrS ' 3 9rey-black precipitate forms. Product: 423 mg of a qrev- 

aS: n iC^ s rc r ta r r ,y disso,ves in dmf - and is m * * — «•* ™ 



Elemental analysis: 55% of rhenium. Yield: 73%. 
to Diameter: < 5 nm. 

Example 77: 



rrr/l 8 pr ° Cedure processing are analogous to that of Example 31. Two sheets of pure platinum (4 x 4 
cm* geometric electrode surface area, thickness 0.5 mm) at a distance of about 3 mm are used as *° 

Tc^ g ?p s'd- 5°50 9 C mSanS ° f jaCkSt C0 ° ,in9 ' the e,eCtr0l ^ iC ^ ^tin'd a 

hLu'n * ' n 24 h0urS ' a 9 re y- bla ck precipitate forms. Product: 400 mq of a orev- 

^^'^Zr**' readi,V diSS0,V6S " ° MF ' iS inS0,Ub,e in THF.^tS. 



20 Elemental analysis: 24% of ytterbium. Yield: 31%. 
Diameter: < 5 nm. 

Example 78: 



The procedure and processing are analogous to that of Example 31. Two sheets of pure olatinum <4 * 4 

^S^^s^^S thiCkneSS f 05 3t 3 diStanCe ° f 3 - aSteTi 4 h 

Chame passed 300 V wL =5 h " mSanS C0 °' in9 ' the electrolvtic «ll is maintained at 1 8 • C. 

Charge passed. 300 C. W.th.n 24 hours, a grey-black precipitate forms. Product: 425 mg of a arev-black 

K£ a^nTe' ^ * DMF ' " * '« -ter. dieth y , ether, "th" \S£2£ 



Elemental analysis: 36% of uranium. Yield: 61% 
Diameter: < 3 nm. 

Example 79: 



r m 2 T H! pr ° t cedur , e and ' Processing are analogous to that of Example 31, Two sheets of pure platinum (4 x 4 

r:"^r r kness 05 mm) at a distance ° f *«« 3 ™T::::tVe 

TccLToLsfd- 50^1? ^ meanS ° f jaCk6t COOlin9 ' thS elec ^'yt'c cell is maintained at 
I I ^ ' thin 24 h0urs ' a 9rey-black precipitate forms. Product: 260 mg of a arev- 



Elemental analysis: 72% of cadmium. Yield: 91% 
Diameter: 2-10 nm. 

45 Example 80: 



50 



The procedure and processing are analogous to that of Example 31 Metal salt- 0 5 a of BtfOArM 

in Sl^^er 4 W %£? T? " ' ^ ^ ™ S ^ -a^aSo^s S S,?^' 
insoiuoie in water, THF, diethyl ether, toluene, acetonitrile, and pentane 

Elemental analysis: 68% of bismuth. Yield: 56%. Diameter: 5-10 nm. 



Example 81: 



55 



Mim 1 ^ T P rocessin 9s are analogous to that of Example 31. Electrolyte 100 ml of 0 1 M 3- 
d,m e thyldodecylammon,o)propanesulfonate in water. Metal salt: 0.5 g Pd(OAc) 2 . Current 10 mA increased 
to 50 mA ■„ the course of 10 minutes. Charge passed: 430 C. The solvent is evaporated undt oH pumo 
vacuum and the residue is washed twice with a mixture of thanol/ether (1:10). Drying .under Z 
vacuum for 24 hours yields 548 mg of a light-grey powder. P P 
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Elemental analysis: 39 % palladium. Transmission electron micrographs show a narrow size distribution 
of colloids which are all < 10 nm in diameter. 

Example 82: 

The procedure and processings are analogous to that of Example 81. Metal salt: 0.5 g PtCfe. Charge 
passed' 365 C The solvent is evaporated under oil pump vacuum and the residue is washed tw.ce with a 
mixture of ethanol/ether (1:10). Drying under oil pump vacuum for 24 hours yields 720 mg of a hght-grey 

io Elemental analysis: 46 % platinum. Transmission electron micrographs show a narrow size distribution 
of colloids which are all < 10 nm diameter. 

Example 83: 

, 5 In a 150 ml vessel. 100 mg of palladium colloid (cf. Example 52, metal content 57 %. average size 3-5 
nm) is dissolved in 100 ml of water. With vigorous stirring 5.0 g mortar ground alumina is added and stirring 
is continued for another 3 hours. After 30 min th colorless supernatant is syphoned off. Drying under oil 
pump vacuum for 24 hours yields 5.1 g of a light-grey powder. 

Elemental analysis: 1.1 % palladium. Transmission electron mircrographs show a narrow size distribu- 

20 tion of colloids which are all 3-5 nm in diameter, have spherical geometries and are individually fixed on the 
substrate These supported palladium clusters are embedded in carbon by means of glow evaporation. 
Ultramicrotome sections of this material show that the metal colloid is only on the surface of the alumina 
grains. 

25 Example 84: 

In a 150 ml vessel, 150 mg of palladium colloid (cf. Example 52, metal content 57 %, average size 3-5 
nm) is dissolved in 100 ml of water. With vigorous stirring 3.0 g mortar ground carbon black (Vulcan® XC- 
72) is added and stirring is continued for another 3 hours. After 30 min the colorless supernatant is 
30 syphoned off. Drying under oil pump vacuum for 24 hours yields 3.1 5 g of a black powder. 

Elemental analysis- 2.7 % palladium. Transmission electron mircographs show a narrow size distribution 
of colloids which are all 3-5 nm in diameter, have spherical geometries and are individually fixed on the 
substrate Thus, the same size distribution as prior to substrate fixation is observed. Substrate fixations 
using Al 2 0 3 , Ti0 2 , Si0 2 . La 2 0 3 . Y 2 0 3 , MgO or Kevlar® as the substrate material proceed m much the same 
35 way. 

Example 85: 

in a 50 ml vessel, 15 mg of palladium colloid (cf. Example 52, metal content 57 %, average size 3-5 
nm) is dissolved in 100 ml of water. With, vigorous shaking 250 mg Bioran® controlled pore glas (pore 
diameter 101 nm, particle size 130-250 urn) is added and shaking is continued for another 3 hours. After 30 
min the colorless supernatant is filtered off. Drying of the residue under oil pump vacuum for 24 hours 

yields 264 mg of a grey material. 

Elemental analysis: 3.2 % palladium. Transmission electron mircrographs show a narrow size distribu- 
tion of colloids which are all 3-5 nm in diameter, have spherical geometries and are individually fixed on the 
substrate. Thus, the same size distribution as prior to substrate fixation is observed. Substrate fixations 
using Siran® as the substrate material proceed in much the same way. 
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Claims 
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1 A method for the electrochemical preparation of metal colloids with particle sizes of less than 30 nm, 
characterized in that one or more metals of groups lb, lib, III, IV, V, VI, Vllb. VIII, lanthanoides, and/or 
actinoides of the periodic table are cathodically reduced in the presence of a stabilizer, optionally with a 
supporting electrolyte being added, in organic solvents or in solvent mixtures of organic solvents and/or 
water within a temperature range of between -78 -C and + 120*C to form metal colloidal solutions or 
redispersible metal colloid powders, optionally in the presence of inert substrates and/or soluble metal 
salts of the respective metals. 
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2. The method -according to claim 1 , characterized in that said supporting electrolyte and said stabilizer 
are identical 



salts r"r °R3R^ i m25m£5 2 ' Characterized in th at Quarternary ammonium or phosphonium 
sal* R R R 3 R*N + X or RiR 2R 3 R .p +x - respectively, in which R', R2. R3, r* are the same Q( djfferent 

and are C,-,, alkyl or aryl residues, such as phenyl, benzyl, naphthyl, are used as supporting 
electrolytes and stabilizers. outlining 

4. The_method according to claim 3. characterized in that halogenide Cr. Br" r. hexafluorophosphate 
PF 6 , carboxylates R C0 2 - where R' = alkyl or aryl, or sulfonates R"S0 3 - where R" = alkyl or aryl 
are used as the anions of the supporting electrolytes. ' 

5. The method according to claim 3, characterized in that chiral tetraalkylammonium salts (R< * R 2 * R3 * 

> or tetraalkylammonium salts having chiral centers in the ligands are used. 

6. Jhe method according to claim 1, characterized in that Fe, Co, Ni, Pd, Pt, Ir, Rh, Cu, Ag, Au are used 
as tne metals. 

7 ' L h ,! TT, 0 * T° r fT 9 ,0 C ' aim 1> characterized in t^t the anions of said soluble metal salts are 
selected from the halogenides. 

8. The method according to claim 1, characterized in that tetrahydrofurane, toluene, acetonitrile or 
mixtures thereof are used as the solvent. ' 

9 ' temperate aCC ° rdin9 f ° daim 1 ' characteriz ed in that the electrolysis is performed at room 

10. The method according to claim 1, characterized in that the particle size is adjusted to from less than 2 
nm to 15 nm by variation of current density from 0.1 mA/cm 2 to 40 mA/cm 2 . 

11. A method for the preparation of bimetallic colloids or multimetallic colloids according to one or more of 
claims 1 through 10. characterized in that one or more metal salts are added to an electrolytic cell 
containing one inert electrode and one or more metal electrodes that are to be dissolved anodically. 

12. The method according to claim 1, characterized in that the metal colloids are applied on inert 
substrates selected in particular from carbon blacks, active charcoal, glasses, inorganic oxides, and 
organic polymers for the adsorption of the metal colloids formed on the surface of the substrates during 
tne electrochemical preparation or in a separate step. 

3. A method for the application of metal colloids on substrates according to claim 12, characterized in that 
substrate materials are treated with solutions of said metal colloids whereby said colloids become 
adsorbed on the surface thereto and the solvent is subsequently removed. 

4. A method for immobilizing metal colloids of claim 1. characterized in that tetraalkoxy si lanes, alkyltrial- 
koxys.lanes, magnesium alkoxylates, and/or mixtures thereof are hydrolyzed and/or polymerized by sol- 
gel process m the presence of said colloids to incorporate said metal colloids therein. 

5 " t™** 0 * f ° r imm ° bili2i "9 metal colloids of claim 1, characterized in that monomers are polymerized in 
the presence of sa.d metal colloids to incorporate said metal colloids therein. 

6. Use of metal colloids of cfaim 1 for the preparation of neutral, alcaline or acidic organic or aqueous 
solutions w.th metal contents of more than 1 mmo. of metal per liter, in particular for efectroless pla'ng 

7. In organic media soluble or redispersible metal colloids, bimetallic colloids, or multimetallic colloids 

: H° f 9r0UPS '?' " b ' '"• IV ' V ' Vl ' V,,b ' V,M ' '-nthano.de., and/or actinoides o he 
penod.c table and havmg particle sizes < 30 nm which colloids are obtainable by a method according 
to one or more of claims 1 through 12. 9 
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18. Watersoluble metal colloids, bimetallic colloids or multi-metallic colloids comprising metals of groups 
lb, lib, III, IV, V, VI, Vlib, VIII, lanthanoides, and/or actinoides of the periodic table and having particle 
sizes of up to 30 nm stabilized by the presence of watersoluble, in particular cationic, anionic, betainic 
or nonionic stabilizers. 

19. Inert substrates selected in particular from carbon blacks, active charcoal, glasses, inorganic oxides and 
organic polymers coated with metal colloids according to claims 17 or 18. 

20. Substrates according to claim 19, characterized in that the surface of the substrates is coated with a 
monomolecular, bimolecular or multimolecular layer of the colloids. 

21. Use of the coated substrates according to claims 19 or 20 as such or after the removal of the stabilizer 
as catalyst in the organic synthesis. 
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